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INTRODUCTION AND OBJECTIVES 
Introduction 
The American farmer has, as indicated by our plentiful 
supply of food and fiber, met every challenge in his attempt 
to produce more and better goods. His success has helped 
bring about economic and social changes which require better 
management techniques. As the number of farms has decreased 
and farm size increased, the selection and management of 
expensive, high-capacity machines, which must economically 
accomplish more work in less time, have become increasingly 
important. The ability of the farmer to cope with this 
problem is reflected in the price and quality of goods 
available to the consumer. Thornthwaite (44) demonstrated 
in work done for Seabrook Farms in 19^6 that proper crop 
and machine management can reduce labor cost and machine 
investment while improving product quality. 
Recent changes In farm production and efficiency have 
been tabulated (46). In 1963, 336 million acres were used 
for crops in the 48 contiguous states — an increase of two 
percent over the 1962 acreage. Larger plantings of wheat, 
com, sorghum, and soybeans accounted for most of the in­
crease. Crop production per acre in 19^3 was three percent 
greater than in 1962» Among the factors given credit for 
this increase were; improved plant varieties, use of more 
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fertilizer, and greater timeliness of operation made possi­
ble by advances in mechanization. In spite of the increase 
in acreage and production per acre, the number of some prin­
cipal farm machines was reduced. The number of grain com­
bines seemed to peak in 1959» and the number of wheel trac­
tors began decreasing slightly in 196I0 However, the aver­
age horsepower of tractors was increasing, and each large, 
self-propelled grain combine harvested an average of 3IO 
acres compared to an average of 53 acres for the small, 
pull-type combines. 
Labor used on farms continued to decrease through 1963» 
The continued decrease was contributed primarily to: ad­
vances in technology, reduction in number of farms, and in­
crease in size of farm enterprises. Production per man-hour 
had nearly doubled during the period from 1953 to late 1963, 
and in 1963s the average farm worker produced enough food to 
supply himself and about 30 other people. Figure 1 shows 
the rapid reduction in man-hours since World War II. The 
trend in machinery seemed to be toward fewer, larger ma­
chines which required better Investment and management 
practices. 
Interest in the ability of farmers to manage machinery 
has been expressed by some who are not directly engaged in 
agricultural production. Thombrough (43) told a joint 
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Figure 1. Man-hours of labor used for farm work in the 
United States 
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Society of Agricultural Engineers of the farm equipment in­
dustry' s interest in profitable farm machinery management. 
He said a farmer' s buying habits depend directly on annual 
income, which is a function of farm size, and he felt that 
farmers in the top third income group buy objectively, but 
those in the middle third, who rely more on personal moti­
vation than on management principles, are likely to be 
influenced by misleading advertising. However, his expres­
sion of Interest was somewhat undermined when he concluded 
with the idea that the salesman must continue to sell what 
the customer wants — in spite of what he really needs» 
Inasmuch as North American farmers have great free­
dom of choice, even involving certain personal non-
objective motivations and attitudes, it seems to me 
to be quite proper for salesmen to sell on broader 
bases than just economic appraisal, that he must 
and should recognize additional farmer wants as 
well as his economic needs. This goes beyond any 
consideration as to whether farm machinery com­
panies j dealer, or salesman can ever be in a posi­
tion to ascertain the correct economic needs of 
each farmer, 
Seferovich (35)» in surveys conducted for Implement 
and Tractor concerning dealer-customer relationships, found 
considerable difference in what farmers wanted to know about 
machine selection and what dealers thought they wanted to 
know. Since the majority of farmers go to their machinery 
dealer for counsel concerning new machines, this misunder­
standing likely inhibits the spread of good management 
techniques. Historically, the time required for acceptance 
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of new Ideas has been unpredictable. As an example, hybrid 
seed com was being used on nearly three-fourths of the 
farms In the Com Belt states about 15 years after It was 
introduced, but artificial breeding of cows was not readily 
accepted. In a factory, management has the authority to 
change a worker' s environment so that he muf?t use the correct 
machines and methods to complete a job most efficiently. On 
the farm, the situation is different; authority to adopt or 
reject new ideas is in the hands of the farmer, who Is both 
worker and manager. 
Elchhom et (1^) tried to determine some of the 
factors which are important in getting farmers to accept 
new methods or ideas. They investigated, by survey, these 
sociological factors: access to information, educational 
level, socio-economic status, leadership position in the 
community, family influence, cultural differences, and per­
sonal values. Educational level was found to be Important 
not only in understanding new ideas, but also in making use 
of more sources of information. High Income was, as one 
would expect, positively correlated with adoption of prac­
tices that necessitated purchase of expensive machines. 
They found that status in the community was also important» 
While a factory worker may buy the latest thing 
in shotguns to enhance his social position, the 
farmer may buy the latest, or biggest, thing in 
tractors. Neighbors, not to be outdone in this 
respect, soon discover that they "need" the new 
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piece of equipment too. And so it goes down the 
"pecking order" until we find the man who "Just 
doesn't care what other people think of him". 
In general, farmers faced with similar situations are likely 
to make dissimilar decisions, Those farmers with large 
acreage, high income, and more than the average amount of 
formal education are more inclined to appraise new ideas 
objectively. This can presently be seen in the mixed atti­
tude of farmers toward the 30-inch com row width. 
Machine purchase habits of farmers are influenced some­
what by tax regulations, Drenckpohl (13) enumerated Federal 
Income Tax regulations, such as accelerated depreciation 
methods, investment credit, and general reduction of tax 
range, which encourage early replacement of machines and 
partially enable the farmer to justify changing an entire 
system of machines. 
Occasionally an author, such as Reeder (33), leaves the 
impression that the purchase of larger machines is a cure-
all and places too little emphasis on system management. If 
money were no object, it would be possible in all but ex­
treme cases to increase machine capacity enough to handle 
any crop acreage. However, since capital is usually 
limited, the wise farmer considers every alternative before 
buying larger, more expensive equipment. 
Because machines are not manufactured to give an infi­
nite selection of capacity, most acreages will ideally re­
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quire a capacity that falls between two that are available. 
Therefore, a choice must be made between one system which 
has excess capacity and another with limited capacity. Some 
objective method should be made available to help farmers 
determine the maximum acreage to which his present system 
can be economically extended and beyond which he should 
change to a larger system. 
Objactives 
The purpose of this study was to assist farmers, farm 
managers, farm equipment designers, and others associated 
vjith agricultural industries when making decisions con­
cerning com harvesting machinery systems. Specific objec­
tives were; 
10 Select machine systems with effective capacity 
which gradually increases from that required for 
the smallest com acreage which can reasonably 
justify a complete system to that required for an 
acreage larger than the average found in Iowa 
today, 
2o Select three job sequences, including both conven­
tional and reduced tillage practices, for compari­
son of the machine systems over the selected acre­
ages, 
3. Use an existing mathematical model to find comple­
8 
tion probabilities for each machine system at vari­
ous acreages. 
Prepare digital computer programs to facilitate use 
of the mathematical model. 
Determine the acreage which yields maximum income 
for each machine system. 
Make recommendations for adapting the machine sys­
tems to service the acreage which yields maximum 
income6 
Select an actual corn production system, apply the 
mathematical model for the machine system and job 
sequence used, and make recommendations for machine 
system Improvement. 
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REVIEW OP LITERATURE 
Everyone whose work Is related to agricultural produc­
tion (especially the farmer) is Interested in removing the 
risk from farming. This has been impossible because of 
weather and social factors which defy accurate prediction, 
but the data which agricultural engineers, agronomists, and 
6-oonomists have collected and analyzed over the years now 
allows better mathematical representation of production 
problems. 
The work of Melj (29), who Included material written 
by authors from three countries, is evidence that this In­
terest is not restricted to the United States, 
Weather and Com Development 
Failure of the farmer to adjust to the climate has 
usually resulted in economic failure. Tefertiller and 
Hildreth (4l) have described this adjustment for the Great 
Plains where weather tends to bunch into runs of good or 
bad years. They compared the farmers' actions to those of 
plants which roll up and unroll their leaves to suit the 
availability of moisture. During a run of bad years, cash 
crop expenditures were reduced, and the crop was "dusted 
in"o During a run of good years, there was a tendency to 
purchase too readily. 
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Though the climate of Iowa Is rot as extreme as that 
described by Tefertiller and Hlldreth, there Is sufficient 
variation to affect com production. The weather conditions 
from planting to silking and during harvest are especially 
important. 
Decker (12) studied factors affecting the silking date 
and suggested the mean temperature for the first 30 days 
after planting as a criterion for estimating the date. Link 
(25) later developed equations from Decker's data relating 
times of planting, silking, first cultivation, and harvest. 
Shaw and Thorn (39) substantiated earlier evidence that 
the average period of 55 days from silking to maturity (when 
kernel dry weight reaches maximum) was relatively independ­
ent of weather variation. Anything, such as improved fer­
tility, that caused earlier silking also hastened maturity. 
Schmidt^ accumulated information concerning kernel 
moisture reduction after silking. Figure 2, constructed 
from his data, indicates that maximum kernel dry weight is 
usually reached at a moisture content of about 39 percent. 
About 74 days were required after silking for the moisture 
to drop to 27 percent, an acceptable moisture content for 
Schmidt, J, Lo, Agricultural Engineering Department, 
Iowa State University of Science and Technology, Ames, Iowa» 
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Figure 2. Reduction of kernel moisture after silking 
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shelling and mechanical drying according to Van Possen and 
Saul (47, page 420). 
Reed (32) investigated loss due to early frost, which 
kills the plant "before the grain is mature and causes "soft" 
corn that cannot be safely stored by usual methods or sold 
commercially. He concluded that maturity was directly de­
pendent on early season temperature and planting date. The 
probability of frost damage was low for years when the mean 
June temperature was ?0 degrees Fahrenheit or higher. 
Considerable weather data has been accumulated; al­
though, it is sometimes not in the desired form. Elford and 
Shaw (15) analyzed soil temperature, which has been recorded 
at the Ames Agronomy Farm since 1937. Only since April, 
19^6, however, have measurements been taken at 2.25 inches, 
the accepted planting depth for com. 
Shaw and VJaite (4o) established normals for temperature 
and precipitation for Iowa during the period 1931 through 
i960. Runge and Odell (34) studied the effect of tempera­
ture and precipitation on com yield in Illinois. 
Shaw et a^. (38) determined precipitation probabilities 
for 1-,2-j and 3-week intervals for 12 North Central states, 
which include Iowa. 
13 
Chrtstensen^, with encouragement from Charles Gunn, 
Senior Research Agronomist, recently conducted tests to de­
termine the effect of planting date on yield for several 
varieties in central Iowa. As indicated by other investi­
gators, there seemed to be an optimum planting date; plant­
ing either before or after this date resulted in loss of 
yield. Pour varieties were planted at 10 different dates 
for a period of four years. A graphical summary of the re­
sults for all four years is given in Figure 3« Highest 
yield for full-season varieties resulted from plantings in 
the last week of April. This work was conducted near 
Dayton, Iowa, and is thought to be the only recent reliable 
study of this kind conducted in Iowa. It is presently being 
continued. 
Hallauer (19) Investigated the effect of weather fac­
tors on pre-harvest drying of com. His information was in­
cluded in preparation of Figure 2. 
Bergman and Brooker (6) studied weather factors affect­
ing hay making in Missouri and established criteria for a 
good haying day. 
Thompson (42) analyzed the effects of weather and of 
^Christensen, R., DeKalb Agricultural Association, 
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Figure 3» Date of planting versus yield (four different 
varieties) 
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production technology on com yield during the period 1930 
through 1963. He felt it was incorrect to attribute an 
impressive increase in yield entirely to the introduction of 
some new production idea, as some investigators have, when 
at the same time there may have been an unusual run of good 
weather years. Though there was evidence of periodic change 
in weather involving several years, he saw no regular cy­
clical pattern that would allow accurate long range predic­
tion» The length of the apparent periodic change for good 
and bad weather seemed to be about 20 years» 
Economic Studies 
Several studies concerning machinery selection and crop 
loss due to untimeliness have been done; but usually, be­
cause of limited data, findings have been specific and 
rather limited. 
Krenz (2^) examined various systems to determine the 
per unit cost relationships. He attempted to describe 
changes in per unit costs and to establish the optimum farm 
size that can be expected in the future because of recent 
technological advances» He was particularly interested in 
economic Justification of modem, high-capacity machines, 
He found that, for the systems included, increase in acre­
age reduced production costs until a point was reached where 
Inability to perform jobs at the proper time caused exces-
16 
slve loss. Blesser (5), in an article written for persons 
actively engaged, in farm management, agreed with Krenz. 
Coward (10) investigated custom work in Illinois and 
attempted to determine the ownership break-even acreage for 
various machines. He hypothesized that custom work had in­
creased about six to seven percent because of the develop­
ment of expensive, large machines and an Increase in the 
number of part-time farmers, but he found a slight decrease. 
Timeliness was among the factors he listed as causing a 
farmer to buy a machine when theoretically it would be more 
economical to hire a custom operator. 
Portson (17) studied cost of ownership for various har­
vesting machines. He based his work on hours of use rather 
than acreage, which Coward used, and established levels of 
use required, or break-even points, to Justify owership. 
Ihnen and Heady (21) examined cost functions with rela­
tion to farm size in southern Iowa. They found that machin­
ery systems on most crop acreages of l6o acres or less lack 
the capacity necessary to operate an acreage of sufficient 
size to give reasonable per unit costs» This was primarily 
due to untimely field operations which caused yield to be 
reduced» 
Buddemeier ^  aJ. (8), in an investigation of cropping 
systems in the Combelt, classified crops as competitive, 
complimentary, or supplementary. If crops are competitive, 
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an increase in acreage and production of one causes a de­
crease in acreage and production of the other. Two crops 
are complimentary when an increase in the total output of 
one causes an increase in total output of the other. A crop 
is supplementary when it does not affect other crops* 
Davis (11) s in an economic comparison of com harvest­
ing methods, found that field shelling and heated-air drying 
reduced harvest costs by improving timeliness of operation. 
He listed the following factors for consideration when 
choosing a harvesting method; 
1, Volume of grain to be harvested 
2, Existing machinery and structures 
3o Land use 
4-0 Use of grain 
5« Labor and capital 
6. Field losses 
7c Costs 
Davis prepared a comparison. Table 1, of annual costs per 
100 bushels for alternative methods to harvest 13,200 bush­
els. All costs of harvesting, hauling, grinding, drying, 
and storage were includedo For wood slat crib storage of 
ear corn, it was assumed that half the storage needed al­
ready existed and half was new. 
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Table 1. Annual costs of alternative com harvesting 
methods per 100 bushels for a volume of 13,200 
bushels, (ear corn cribs existed for half the 
com) (Davis (11)) 
Annual costs per 100 bushels 
Method of harvest Over- Operating Field Total 
head loss 
Picker (ear corn) 
Wood slat crib, new # 7.89 $8.6o l7o90 $2^.39 
High moisture, silo 12,52 7.80 4.00 24.32 
Combine (shelled com) 
Portable batch drier, 
converted crib 12,51 7.35 3.70 23.56 
Batch-bin drier, 
converted crib 10.4o 6.95 3.8o 21,15 
High moisture, silo 12.05 4.15 3.00 19.20 
Machinery Selection 
Machine selection involves two problems; ownership must 
be justified, and the necessary machine capacity must be de­
termined, Agricultural engineers have contributed to a 
great degree to existing information concerning both prob­
lems. 
Carter (9) developed a method for machine selection 
based primarily on basic farm requirements. Bainer et al. 
(1) considered ownership justified if total machine cost 
were less than the charge of a custom operator. Neither 
accounted for timeliness. 
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Barnes (3) and (4) has written numerous articles con­
cerning timeliness of field operations and machine selec­
tion. 
Hunt (20) derived a set of equations with which he 
could specify machinery requirements for a given situation, 
A factor for timeliness, which was based on limited plant­
ing date versus yield results, was included, 
Marley (28) and Prisby (18) used time and motion tech­
niques to study existing systems and determine causes of 
lost time and, in turn, untimely operations. 
Link (25) established criteria for timely performance 
of field operations and derived a mathematical model to 
determine the probability of completing operations at the 
proper time. This model, unlike methods suggested by other 
authors, is general and not restricted to specific situa­
tions. It has been used extensively in this study. 
Marley (27) expanded Link's method to Include all field 
operations for com production. He investigated the effect 
of changing job requirements on machine system capacity. 
Bowers (7) compared the scheduling of operations for 
some reduced tillage systems. He noted that reduced till­
age does not reduce the need for good management; Instead, 
it usually increases the number of management problems. 
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MATHEMATICAL MODEL 
Since the model developed by Link (25) has been used 
In this dissertation to determine the probability of com­
pleting com harvest, terms must be defined and equations 
explained. The work of Marley (27), who reduced Link's der­
ivation to more understandable terms, has influenced the 
following discussion. 
Terms 
The following terms were used in development of equa­
tions : 
1. Job - A single machine operation or a group of 
operations very closely related in time or per­
formed simultaneously by several implements which 
are integrally connected. 
2. Sequence - A group of jobs performed during the 
culture of a given crop. The jobs must be per­
formed singly and in prescribed order. 
3. Initiator - The first job in a sequence. 
4. Predecessor - The job Immediately preceding any 
given job in a sequence. The initiator has no 
predecessor. 
5. Successor - The job Immediately following any 
\ given job in a sequence. 
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6. Time Increment - An interval of time obtained by 
dividing the year into small, uniform, mutually 
exclusive increments, 
7o Arrival Probability - The probability that a given 
job can begin during a specified time increment, 
^1' 
8. Holding Probability - The probability that a given 
job will be completed during some time increment, 
tj, if it were started during some preceding time 
increment, tj^. 
9o Vacant-interval Probability - The probability that 
a given job will arrive during time increment t^ 
if the predecessor were completed during t^, some 
preceding time increment, such that the farmer is 
finished with the predecessor and is unoccupied 
when the given job arrives. 
Equations 
The following equations are basic to application of 
the timeliness criteria determined by Link; 
k (1)  
n=l 
In Equation 1, fjj(Aj,) p the arrival probability, is the 
probability that job r in sequence A will arrive during time 
22 
increment tj^. The probability consists of the sum of prod~ 
ucts of completion probability ' which is the prob­
ability that job r-1 is completed during tj^> and vacant-
interval probability 0y,|f(Ay.), which is the probability that 
r arrives during t^ if job r-1 is completed during t^« This 
equation is used to determine arrival time for all jobs 
except the initiator, which is assumed to arrive when crop 
and weather conditions are such that work can be started. 
^ j 
(2) Pr(TC(A_) < t_) = T % f,(A_Jh,.(A_) 
j=l 1=1 J 
Pp(TC(Aj,) < tjj) 5 the probability that time of comple­
tion for job r will not be later than time increment t^, is 
given by the sum of products of f^, arrival probability, and 
h^j; holding probability, 
n 
(3) Pr(TC(Ap) = t%) = ^ fi(Ar)hia(Ar) 
1=1 
Equation 3 may be used to determine the probability 
that job r is completed sometime during time increment t^. 
To use these equations, one must be able to determine 
which depends upon factors relating each job to a pre­
vious job in the sequence, and h^j, which depends upon the 
expected occurrence of good and bad days during time inter­
val tj^ through tj Inclusive, 
23 
A8sumptions 
The following assumptions are needed to apply the models 
lo Field work to be performed can be divided into 
distinct jobs. 
2. The arrival probability, for each time incre­
ment of Interest for the Initiator of a sequence 
can be obtained, 
3o The number of working days required to complete 
any job is knovm. 
4. The probability of ooourrence of good and bad days 
for any time increment can be determined^ 
With these assumptions, the holding probability, h^j, 
can be calculated for the initiator. The cumulative prob­
ability for completion of the initiator by the end of time 
increment tj can be obtained by summing the probability of 
completion during each increment tj^, the starting date, 
through tj, This cumulative probability of completion re­
quires use of both arrival and holding probabilities, If 
vacant-interval probabilities which relate the arrival of 
the second job in the sequence to the completion of the 
initiator (the predecessor of the second job) are knom, 
arrival, holding, and cumulative completion probabilities 
©an be determined for the second job. Each job in the se­
quence is thus analyzed in turn. 
24 
To calculate the holding probabilities, h^j, informa­
tion concerning the amount of time required to complete the 
job, the expected weather conditions, and the way weather 
affects a particular job are needed. 
Prediction of Good Days 
The ejcpected weather conditions in the vicinity of 
Ames, Iowa, were accounted for by Link from information re­
corded in the personal diary of Mr, Charles M. Brovm, re­
tired manager of the Ames Agronomy Farm. Mr, Brown recorded 
whether each day of the week, except Sunday, was good (field 
work could be done with machinery) or bad (field machinery 
could not be operated) for the years 1932 through 1939 and 
19^2 through 196I, Link fitted a binomial distribution to 
the occurrence of good and bad days, as recorded by Brown, 
throughout the calendar year of climatic weeks. The 
smoothed s binomial probability that any day in a given week 
vîould be good is listed in Table 2. The smoothing technique 
was used to reduce the effect of observational errors. Use 
of the binomial distribution permitted calculation of the 
probability of having from zero to six good working days 
during each climatic week and calculation of the probability 
of occurrence of from zero to M good working days in any 
period which has a maximum possibility of at least M good 
working days (this period may include several climatic 
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Table 2. Probability of any given day during a climatic 
week being good 
Week^ Inclusive dates 
Smoothed binomial 
probability of 
any day being good 
3 March 15 - March 21 0.0595 
4- March 22 - March 28 0.2143 
5 March 29 - April 4 0.4523 
6 April 5 - April 11 0.6790 
7 April 12 - April 18 0,7500 
8 April 19 - April 25 0.7639 
9 April 26 ~ May 2 0.7643 
10 May 3 - May 9 0.7751 
11 May 10 - May l6 0.7975 
12 May 17 - May 23 0.8088 
13 May 24 - May 30 0.8032 
1^' May 31 - June 6 0.7875 
15 June 7 - June 13 0.7786 
16 June l4 - June 20 0.7902 
17 June 21 - June 27 0.8172 
18 June 28 - July 4 0.8501 
19 July 5 - July 11 0.8776 
20 July 12 - July 18 0.8862 
21 July 19 - July 25 0.8840 
22 July 26 - August 1 0,8873 
23 August 2 - August 8 0.8776 
24 August 9 - August 15 0.8830 
25 August 16 - August 22 0.8843 
26 August 23 - August 29 0.8733 
27 August 30 - September 5 0.8722 
28 September 6 - September 12 0.8847 
29 September 13 - September 19 0.8887 
30 September 20 - September 26 0.8753 
31 September 27 - October 3 0.8753 
32 October 4 - October 10 0,8604 
33 October 11 - October 17 0.8870 
34 October 18 - October 24 0.9091 
35 October 25 - October 31 0,8981 
36 November 1 - November 7 0,8582 
37 November 8 - November 14 0.8058 
38 November 15 -• November 21 0.7028 
39 November 22 - November 28 0,2937 
4o November 29 - December 5 0.1450 
4l December 6 - December 12 0,0278 
^Probability for weeks omitted approaches zero. 
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weeks), These two probabilities have been interpreted as 
the holding probabilities, h^j, needed in the equations. 
M represents the number of good days required to complete 
the job under consideration. 
The binomial distribution is of the form (p+q)™^ where 
p is the binomial probability that any given day will be 
good, and q, or 1-p, js the probability that any given day 
will be bad. Each term in the expansion gives, respective­
ly, the probability that m, m-1, .1, 0 good days will 
occur during the specified time increment. These probabili­
ties 
(p-Hi)"- = p°+mp"°-lq + p>»-2q2 + m(m-lHin-2) ^ 0.-3^3 + 
m! 
can be displayed as a column vector, R, with elements Rq 
through Rjjj representing the probabilities of zero through m 
good working days during the specified time increment. For 
example, assume that tj_, a climatic week, has a maximum of 
six working days, that pj^, the probability of any given day 
during tj_ being good, is 0.6, and that the job in question 
arrives during t^ and requires M good days for completion. 
Substitution into the binomial expansion gives the fol­
lowing column vector; 
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Rq = .004 
El = .037 
Bg = .138  
276 H = — « &
= .311 
R3 = .187 
R5 = .047 
If M = 5î the probability that the job will be completed 
during t^ is the sum of the elements of H having subscripts 
greater than or equal to five, that is + R& = 0*234. If 
M = 3, the probability the job will be completed during tj^ 
is R3 -}- Rij. + R6 = 0.821, If the value obtained is 
thought to be too low, the calculation can be carried into 
the succeeding time increment, t^^^. Using M = 3 as an ex­
ample, truncate the vector R at Rm-iî 
Now form a row vector, S, whose elements S q through rep­
resent the probabilities of zero through six good days dur­
ing t^+i* Assuming that p^+i is also 0.6 (this is not usu­
ally the case)5 the row vector is ; 
Form the matrix product R' x S, Note that the sum of sub­
scripts (not position in vectors) of the indicated elements 
is three, or M, The matrix location ij is the probability 
Rq = .004 
E« = Ri = .037 
Rg = .138 
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Sq S2 S j  S i f ,  
Bo (0,3) 
(1,2) 
( 2 , 1 )  
of 1-1 good days in the week represented by the truncated 
oolumn vector subscript and j-1 good days in the week repre­
sented by the row vector subscript. For example, matrix 
location (2,3) represents the probability of one good day in 
and two good days in t^^^. This location is represented 
in the example as (1,2), in accordance with subscripts. 
To find the probability of exactly M good days during 
t^ and t^^^ with no more than M-1 good days during sum 
all the elements in the matrix for which the subscripts (not 
vector position) exactly total M. For M = 3, this is the 
sum of the three elements indicated in the example matrix. 
To find the probability of at least M good days during 
and sum all the elements of the matrix for which the 
subscripts total M or more. To get the final probability, 
add to this sum the probability of at least M good days 
during tj^, which was previously computed o 
This procedure may be repeated for as many weeks as is 
necessary to obtain a sufficiently high probability for the 
occurrence of M good days* A new column vector, ¥, would 
be formed from the product of E" x S containing elements 
Vq through . Each element of V would be the sum of the 
elements of E" x S lying on diagonals parallel to the minor 
diagonal of the R' x S matrix. Each element of V repre­
sents, respectively, the probability of exactly zero through 
M-1 good days durln': t^ and ti+i» A row vector, T, con­
sisting of elements Tq through T5, is formed for the prob­
abilities of good days during ti+2° From the matrix product 
V X T, the probability of at least M good days during tj^, 
^1+1» ^1+2 obtained as before, with no more than M-1 
good days occurring in t^ and t^^^. The probability of at 
least M good days during tj_, t^+i, and t^+2 found by 
adding this probability to the probability of at least M 
good days during t^ and t^+i* If M > 6, the procedure is 
similar but more complicated. The probability that the job 
can be finished during tj^, which has only six days, will be 
zero. The R" x S matrix is 7 x 7» If M > 12, completion 
during ti and t^^^p a total of 12 days, will be zero, and 
the V X T matrix will be I3 x 7. 
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PROCEDURE 
Ten machinery systems and three job sequences were 
selected for application of the mathematical model« Effec­
tive field capacities and annual cost of ownership were de­
termined for each system. The effective field capacity was 
put into a digital computer program, and the number of good, 
8-hour days required to complete each job was computed at 
all acreages of interest. This Information was put into a 
program prepared for the mathematical model to compute prob­
ability of completion for each job in each of the three se­
quences, Assuming that com left in the field because of 
incomplete harvest was lost, an income comparison over the 
various acreages was made for each machine system. Only the 
com crop was considered, and no allowance was made for 
farmstead chores. Income, as used in this study, means the 
remainder of gross income after annual cost of machine own­
ership and value of crop lost due to incomplete harvest have 
been subtracted. 
Job Sequences 
Three sequences were selected and are referred to in 
further discussion as first, second, and third sequences. 




















The jobs listed in the sequences are specified in the fol­
lowing paragraphs; 
Plow This operation included stalk shredding, till­
age with a moldboard plow, and one tandem disking. When 
both spring and fall plowing were included in the sequence, 
it was intended that half the plowing and all the disking 
be done in the spring. 
If, for some reason, additional tillage operations, 
such as additional disking and spike tooth or spring tooth 
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harrowing, were considered necessary to prepare an accept­
able seedbed, plowing time should be increased accordingly. 
In most situations investigated, there was sufficient time 
in the spring for additional operations without interfering 
with planting. Since additional time was available in the 
spring, it was assumed, unless additional operations were 
included, that 70 percent completion of fall plowing was 
acceptable. Application of fertilizer before plowing was 
not included as it was considered common practice for bulk 
fertilizer to be applied by commercial distributors at a 
time when it would not interfere with other operations. 
Planting This operation may be either drilling or 
power checking. Application of starter fertilizer, herb­
icide, and insecticide was included. It was assumed that 
if further smoothing of the seedbed were required, tillage 
attachments to precede the furrow openers could be installed 
without hampering the operation. 
Cultivation In the first sequence, both first and 
second cultivation were included. Only one cultivation was 
included in the second and third sequences. Standard me­
chanical tillage was meant, but a flame or chemical treat­
ment could be substituted. 
Harvesting This operation consisted of picking ear 
corn in systems one and two and field shelling for heated-
air drying in systems three through ten. 
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Link (25) established criteria for arrival and comple­
tion of these jobs. Spring plowing, the initiator, was 
allowed to arrive any time after March 1 — the beginning 
of the first climatic week. Probability of arrival during 
the first week was one minus the probability of six bad 
dayso For the second week, arrival probability was one 
minus the probability of six bad days during the second week 
multiplied by the probability of six bad days during the 
first week» Formulae for the first four weeks of the season 
are : 
The probabilities suggested by Link are listed in Table 3. 
Table 3» Arrival probabilities for spring plowing 
1. f^(l) = 
2. fgtl) = (l-d-PBg)^) (1-PB^)^ 
3. fjfl) = (l-(l-PB2)6)(l-PB2)6(l-PBi)6 
4= fu(l) = (l-(l-PB4)*)(l-PB2)6(l-PB2)*(l-PBi)* 













0,0000 7 or greater 
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Planting could arrive if plowing were completed and 
soil temperature at 2.25 inches had reached 55 degrees 
Fahrenheit. Table 4 shows the probabilities of satisfactory 
soil temperature (for Ames, Iowa) adapted by Link from data 
compiled by Elford and Shaw (15)« 
Harvesting and cultivation were related to planting by 
use of Equations 4 and 5s which were derived from work done 
(4) tg = 27.78 - 0.0590tp - (0.1959 - 0,009686tp)T 
( 5 )  t j j ^  =  O o é O t p  +  o . 4 o t g  
where : tg = Climatic week of silking 
tp = Climatic week of planting 
T = Mean temperature in degrees Fahrenheit 
for 30 days after planting 
tg^ = Climatic week when first cultivation 
arrives 
by Decker (12). Second cultivation was arbitrarily assumed 
to arrive two weeks after arrival of first cultivation. 
Harvesting could arrive when kernel moisture content reached 
a safe level. As previously discussed, this occurs at a 
relatively constant interval after silking and varies with 
the date of silking. 
Limits selected for this study are given in Table 5. 
They have been altered somewhat from Link" s criteria. 
Planting is allowed to arrive earlier because of current 
35 
Table 4. Cumulative soil temperature probabilities 
Climatic week Probability of satisfactory soil 


















20 or greater 1.000 
Table 5» Climatic weeks for arrival and completion of 
specific jobs 
J ob Arrival Completion 
Plowing 1 13 
Planting 9 18 
First cultivation 13 20 
Second cultivation 15 23 
Harvesting 
Ear com 35 38 
Shelled corn 31 38 
Plotrjing 32 4o 
36 
date of planting information. Planting was stopped during 
week 18 since it was felt that later planting would have 
high probability of frost damage. Earlier planting caused 
earlier arrival for both cultivation and harvest. Fall 
plowing was arbitrarily allowed to arrive at the beginning 
of week 32 and was stopped at the end of week 4-0 because of 
low probability of good weather and high probability of 
frozen ground. 
Computer Programs 
Three programs were included: a program to accomplish 
calculations within the mathematical model, which will be 
referred to in later discussion as the main program; a pro­
gram to determine the number of good days required for each 
job by each machine system for each acreage, which will be 
called the operation time program; and a program to deter­
mine total income and income per acre for each system at 
each acreage, which will be called the income comparison 
program. A listing of each program and definitions of the 
constants and variables used have been included in Appendix 
A. 
The operation time program was used to prepare input 
for the main program. Except for the method of rounding, it 
could have been included in the main program as a sub­
routine. Each fraction of a day, down to 0.1 day, was con-
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sldered another entire working day. The computer, when 
rounding, dropped any fraction less than one-half. It was 
felt that if a job were being performed during a given day, 
the rest of the day would likely be needed to prepare for 
the successor0 Also, the arrival and completion limits set 
for each job were accurate only to a complete day; this 
limited accuracy to a full day. Jobs arrived at the begin­
ning of the climatic week specified for starting and stopped 
at the end of the climatic week specified for completion. 
For this study, the points near maximum income were located 
by the first run using a 100 acre increment, and the main 
program was rerun with a smaller acreage increment, 25 
acres, near these points to better determine the shape of 
the income versus acreage curves. Input for this program 
consisted of the effective capacity available to perform 
each job in the sequence for each of the ten machine sys­
tems , 
The main program accounted for the accumulation of 
probabilities described in the discussion of the mathemat­
ical model. The subroutine, GOMPT, calculated the holding 
probability and the probability of M (the number of good 
days required to complete the job) good days, Input for 
this program included : 
1, The earliest climatic week each job in the sequence 
could arrive. 
38 
2» The latest climatic week when work on each job in 
the sequence could be done. 
3o The number of good working days required to com­
plete each job. 
4c The mean temperature, In degrees Fahrenheit, during 
the period between planting and silking. 
5o The number of good days required before the se­
quence initiator may arrive. 
6» A constant to limit accuracy in computation of 
holding probabilities. 
7o The binomial probability of any day in a given 
climatic week being satisfactory for operation of 
field machines, or good. 
The income comparison program was prepared to determine 
total income and income per acre for each acreage-machine 
system combination and the maximum income per acre for all 
combinations. Input required was; 
1» Crop yield (bushels per acre) 
2. Crop value (dollars per bushel) 
3 o Acreage 
4-0 Annual cost of ownership expressed as percent of 
total crop value 
5o Crop loss expressed as percent of total crop value 
If computer storage permitted, this program could also have 
been included as a subroutine of the main program. 
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Acreages 
The 1959 Census of Agriculture (^5) reported com acre­
ages for Iowa ranging from less than 50 acres to more than 
500 acres. The trend with each census seems to be to fewer, 
larger acreages. The largest and smallest acreages reported 
were not listed* 
It was desired in this study to Include acreages rang­
ing from the smallest acreage for which a complete system 
could be economically supplied to one considerably larger 
than the current average. A minimum of 100 acres and max­
imum of 1,500 acres were selected. 
Machine Systems 
Ten machine systems, as shown in Tables 6 through 15, 
were selected. It was intended that effective capacity of 
all machines in each system be compatible and that the 
effective capacity of succeeding systems increase as grad­
ually as possible using current, commercially available 
machineso No custom work was considered necessary except 
application of bulk fertiliser and, if required, chemical 
treatment for com borer. It was felt that these opera­
tions would be done at a time when they would not interfere 
with any job included in any of the three job sequences, and 
that they would not affect the income comparison since the 
unit costs would be about the same for all machine systems. 
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Table 6. First machine system 
Machine No. Size Speed Width Field Effective Ann, cost 
eff, capacity ownership 
(mph) (ft) {%) (acres/hr)(dollars) 
Tractor 1 55 hp 1,212 
Plow 1 5-14 4 5.83 80 2.26 219 
Disk 1 17.5 ft 5 17.00 80 8.24 286 
Rotary hoe 1 4-row 7 13.33 80 9.05 100 
Planter 1 2-row 4 6066 75 2.42 97 
Cultivator 1 2-row 4(1) 6066 75 2.42 
6(2) 6066 75 3.63 87 
Picker (ear) 1 2-row 3 6.66 70 1.69 502 
Wagon 2 125 bu — — 175 
Elevator 1 36 ft 101 
Truck 1 3/4 ton — — — — — — — — 4o4 
Total annual cost of ownership $3,183 
Table 7„ Second machine system 
Machine No. Size Speed Width Field Effective Ann, cost 
eff, capacity ownership 
(mph) (ft) {%) (acres/hr)(dollars) 
Tractor 1 55 hp 1.212 
Plow 1 5-14 4 5 183 80 2.26 219 
Disk 1 17.5 ft 5 17 .00 80 8.24 286 
Rotary hoe 1 4-row 7 13 .33 80 9.05 100 
Planter 1 4-row 5 13 .33 70 5.65 204 
Cultivator 1 4-row 4(1) 13 .33 75 4.84 
l64 6(2) 13 75 7.27 
Picker (ear) 1 2-row 3 6 ob6 70 1.69 502 
Elevator 1 36 ft — «— — — — — —  101 
Wagon 2 125 bu 175 
Truck 1 3/4 ton — — — — —  —  4o4 
Total annual cost of ownership $3,367 
4l 
Table 8, Third machine system 
Machine Wo. Size Speed Width Field Effective Ann. cost 
eff. capacity ownership 
(mph) (ft) {%) (acres/hr)(dollars) 
Tractor 1 75 hp •0 «a» «ate 1,475 
Plow 1 4 7.00 80 2.71 275 
Disk 1 20.5 ft 5 20.00 80 9.69 299 
Rotary hoe 1 4-row 7 13,33 80 9.05 100 
Planter 1 4-row 5 13.33 70 5.65 204 
Cultivator 1 4-row 4(1) 13.33 75 4.84 
6(2) 13.33 75 7.27 164 
Picker(shell) 1 2-row 3 6.66 70 1.69 682 
Dryer 1 550 bu n-m 1,293 
Wagon 2 125 bu 175 
Elevator 1 36 ft f •a 101 
Truck 1 3A ton — —  — —  — —  — — 4o4 
Total annual cost of ownership #5,172 
Table 9. Fourth machine system 
Machine No. Size Speed Width Field Effective Ann. cost 
eff, capacity ownership 
(mph) (ft) ifo) (acres/hr) (dollars) 
Tractor 1 75 hp —• «=» — 09 C» 1 ,475 
Plow 1 6-14 4 7.00 80 2.71 275 
Disk 1 20.5 ft 5 20.00 80 9.69 299 
Rotary hoe 1 4-row 7 13.33 80 9.05 100 
Planter 1 4-row 5 13.33 70 5.65 204 
Cultivator 1 4-row 4(1) 13.33 75 4.84 
6(2) 13.33 75 7.27 164 
Combine 1 2-row 3.5 6.66 70 1.97 1 ,571 
Dryer 1 550 bu — 1 ,293 
Elevator 1 36 ft w e» MOM» 101 
Truck 1 2 ton mm >*m 809 
Wagon 1 125 bu — — - — — «P. 37 
Total annual cost of ownership #6,378 
42 
Table 10e Fifth machine system 
Machine No. Size Speed Width Field Effective Ann. cost 
eff. capacity ownership 
(mph) (ft) {%) (acres/hr)(dollars) 
Tractor 1 75 hp —• •MO- 1,475 
Plow 1 6-14 4 7 .00 80 2.71 275 
Disk 1 20.5 ft 5 20 .00 80 9.69 299 
Rotary hoe 1 4-row 7 13 .33 80 9.05 100 
Planter 1 8-row 5 26 o66 65 10.50 467 
Cultivator 1 4«row 4(1) 13 .33 75 4.84 
164 6(2) 13 .33 75 7.27 
Combine 1 2-row 3.5 6 .66 70 1.97 1,571 
Dryer 1 550 bu — —  « - -= 1,293 
Elevator 1 36 ft — ™ 101 
Truck 1 2 ton c»aM •«* •— 809 
Wagon 1 125 bu — —  — — . 87 
Total annual cost of ownership $6,641 
Table 11, Sixth machine system 
Machine No, Size Speed Width Field Effective Ann, cost 
eff. capacity ownership 
(mph) (ft) {%) (acres/hr)(dollars) 
Tractor 1 75 hp «• — M» ^ 1,475 
Plow 1 6-i4 4 7, .00 80 2 .71 275 
Disk 1 20.5 ft 5 20, 00 80 9 .69 299 
Rotary hoe 1 6-row 7 20, .00 80 13 .58 168 
Planter 1 6-row 5 20, 00 68 8 .24 376 
Cultivator 1 6-row 4(1) 20, .00 75 7 .27 
6(2) 20. ,00 75 10 .91 200 
Combine 1 3-row 3.5 10, .00 62 2 .63 1,900 
Dryer 2 550 bu a# 2,586 
Elevator 1 36 ft rza Da m «a «a CM 101 
Truck 1 2 ton mm «S =• cs «a m» B3* «3» 809 
Wagon 1 125 bu =»*- — «a 82 
Total annual cost of ownership $8,276 
^3 
Table 12o Seventh machine system 
Machine No. Size Speed Width Field Effective Ann. cost 
eff, capacity ownership 
(mph) (ft) (^) (acres/hr)(dollars) 
Tractor 1 75 hp — on M* ta» «a 1,475 
Plow 1 6-14 4 7.00 80 2.71 275 
Disk 1 20o5 ft 5 20.00 80 9.69 299 
Rotary hoe 1 8-row 7 26066 80 18010 228 
Planter 1 8-row 5 26066 65 10.50 467 
Cultivator 1 8-row 4(1) 26,66 75 9.68 
6 ( 2 )  26066 75 14.54 352 
Combine 1 4-row 3.5 13.33 60 3.39 2,356 
Dryer 2 550 bu «*• «» 2,586 
Elevator 1 36 ft 101 
Truck 1 2 ton — *» M ttS = — 809 
'if agon 1 125 bu 87 
Total annual cost of ownership #9,035 
Table 13„ Eighth machine system 
Machine No. Size Speed Width Field Effective Ann. cost 
eff. capacity ownership 
(mph) (ft) (%) (acres/hr)(dollars) 
Tractor 2 55 hp •B = am MB — 2,425 
Plow 2 5-14 4 5.83 80 4.52 438 
Disk 2 17.5 5 17.00 80 16.48 572 
Rotary hoe 2 4-row 7 13.33 80 18.10 200 
Planter 2 4-row 5 13.33 70 11.30 407 
Cultivator 2 4-row 4(1) 13.33 75 9.68 
6(2) 13.33 75 14,54 328 
Combine 1 4-row 3.5 13.33 60 3.39 2,356 
Dryer 2 550 bu wo 2,586 
Elevator 2 36 ft — — 202 
Truck 1 2 ton CBOO •aa => 809 
Wagon 1 125 bu 87 
Total annual cost of ownership $10,410 
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Table l4. Ninth machine system 
Machine No. Size Speed Width Field Effective Ann, cost 
eff. capacity ownership 
(mph) (ft) (^) (acres/hr)(dollars) 
Tractor 2 75 hp _ _  2,949 
Plow 2 6-14 4' 14.00 80 5.43 549 
Disk 2 20,5 ft 5 40.00 80 19.39 598 
Rotary hoe 2 6-row 7 40.00 80 27.15 337 
Planter 2 6-rovj 5 40.00 68 16.48 751 
Cultivator 2 6-row 4(1) 40.00 75 14.54 
6(2) 40.00 75 21.82 401 
Combine 2 2-row 3c5 6.66 70 1.97 1,571 
3-row 3.5 10.00 62 2.63 1,900 
Dryer 3 550 bu — — — — — — — —  3,879 
Elevator 2 36 ft —» — wan MOB •™ — 202 
Truck 2 2 ton — — 1,618 
Wagon 2 125 bu 175 
Total annual cost of ownership #14,929 
Table 15, Tenth machine system 
Machine No. Size Speed Width Field Effective Ann. cost 
eff. capacity ownership 
(mph) (ft) (^) (acres/hr)(dollars) 
Tractor 2 75 hp 2,949 
Plow 2 6-14 r 14.00 80 5.43 549 
Disk 2 2005 ft 5 40.00 80 19.39 598 
Rotary hoe 2 8-row 7 53.32 80 36.20 455 
Planter 2 8-row 5 53.32 65 21.00 935 
Cultivator 2 8-row 4(1) 53.32 75 19.39 
6(2) 53.32 75 29.08 703 
Combine 2 2-row 3.5 6.66 70 1.97 1,571 
4-row 3.5 13.33 60 3.39 2,356 
Dryer 4 550 bu — "• — W — —  5,178 
Elevator 2 36 ft — —  — m» M Aa 202 
Truck 2 2 ton — Man 1,618 
Wagon 2 125 bu — — — - 176 
Total annual cost of ownership $17,283 
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Cost of machine ownership information is listed in 
Appendix B, Original costs were taken from current price 
lists, and annual cost of ownership was computed using tech­
niques recommended by Bainer ^  al« (1) and Barger ^  al. 
(2), Straight line depreciation was used to keep annual 
cost constant over the assumed machine life of 10 years. It 
is understood that some oimers — especially those with 
large acreages — might elect some other depreciation method, 
such as sum-of-digits, which allows rapid depreciation and 
gives an Income tax advantage during early life of the 
machines. 
A rotary hoe was included in the cost of each system 
but was not accounted for In the Job sequences. It was 
assumed that time required for this implement would not in­
terfere with cultivation. 
Portable batch dryers were included in systems three 
through 10. Batch-bin dryers, which generally have greater 
capacity than comparable portable batch dryers, would have 
been equally suitable. Drying capacity of either type of 
dryer can be increased by proper management. Frisby (18) 
found that provision for "holding" wet com accounted for 
the difference in cycle length of harvesting and drying 
machines and prevented dom time* Norton (31) found that 
if com were taken from the dryer while hot and cooled 
6^ 
slowly in storage by small, inexpensive blowers, dryer ca­
pacity could be Increased 15 to 20 percent. 
The capacity of a 2-row combine was found by Frisby to 
be about l4l bushels per hour and the capacity of a portable 
batch dryer about 88 bushels per hour. If recommended prac­
tices were followed, dryer capacity could be Increased to 
105 bushels per hour. In an 8-hour day, which was assumed 
in computing effective capacity for all machines, the com­
bine would harvest about 1,128 bushels. The dryer- could 
process this quantity in about 11 hours. It was felt that 
sufficient drying capacity had been included for all sys­
tems . 
It was assumed that all elevators were equipped with 
a portable power unit, gasoline or electric, and that, in 
systems one through three, the 3/4 ton truck could be used 
to tow wagons of corn from the field to the drying or stor­
age area. 
In all systems, tractors were sized by drawbar horse­
power. 
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DISCUSSION OP RESULTS 
The objectives of this study were specifically about 
harvesting. However, since harvesting is directly affected 
by the success with which other operations in the sequence 
are performed, they too were considered. In the mathemat­
ical model used, adequacy of the operation was measured by 
the probability of completion. This probability repre­
sents, on the average, the decimal part of the operation 
likely to be completed during any given year* Completion 
depends upon Job arrival time, for which criteria have been 
established; the number of good, field-work days required to 
complete the job, which depends upon the number of hours 
worked each day and upon machine capacity; and the kind of 
weather encountered while work on the job is in progress, 
which has been accounted for by use of the binomial prob­
ability that any day in each climatic week might be good* 
An 8-hour work day was assumed. It was felt that this 
would leave some time for farmstead chores and also give a 
cushion for timeliness since additional hours could be 
worked if necessary. 
Ten machine systems with different capacities and three 
job sequences were selected. It vjas intended to find the 
sequence and acreage for each system to give optimum income. 
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Evaluation of Crop Loss 
Assumptions were required for: yield per acre, value 
of corn per bushel, and percent of crop lost if left in,the 
field through the winter. 
The average yield for Iowa (22) has gradually increased 
over the years because of improved technology. The average 
yield in 195^ was 53«9 bushels per acre; in 1958» 66.0 
bushels per acre; in 1962, 77«1 bushels per acre; and in 
1964, 78.6 bushels per acre. These averages include areas 
with poor soil and small acreages with poor management 
practices. As small acreages disappear and technology con­
tinues to improve, the average yield should approach 100 
bushels per acre. Since this study deals with large systems 
and assumes superior management, a yield of 100 bushels per 
acre has been assumed. 
Corn prices have been accumulated, Table I6, from the 
Iowa Crop Reporting Service (23) for the years 1956 through 
1964. Prices quoted are those received on the open market 
by Iowa farmers on the I5th day of the specified month. 
Figure 4 shows the trend for the months of April, September, 
October, and November over this 9-year period. As expected, 
the price varied considerably over this period, but the 
prices for various months of the year seemed to retain the 
same relative position regardless of annual fluctuation. 










1956 1957 1958 1959 I960 1961 1962 IS63 1964 
DATE 
Figure Iowa com prices — 195^ through 1964-
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Table l6. Variation of Iowa corn price 
Difference 
Year April®- Sept.8 Oct.& Nov.B (Sept.-Nov.)& i% of Sept. 
price) 
1956 1.33 1.44 1.21 1.21 0.23 15.9 
1957 1.18 1.07 1.00 0.92 0.15 14.0 
1958 1.00 1.05 0.98 0.86 0.19 18.1 
1959 1.06 1.02 0.97 0.90 0.12 11.8 
i960 0.92 1.00 0.96 0.75 0.25 25.0 
1961 0.90 0.99 0.96 0.87 0.12 12.1 
1962 0.93 0.98 0.98 0.85 0.13 13.3 
1963 1.00 1.16 1.01 0.97 0.19 16.4 
1964 1.11 1.10 1.05 1.00 0.10 9.1 
Ave. 1.06 1.09 1.01 0.93 0.16 15.1 
Bprice in dollars. 
during October and November except for 19^2 when the Septem­
ber and October prices were equal. On the average, the 
November price was only 85 percent of that paid in Septem­
ber» Since the lowest September price during the period of 
interest was 99 cents per bushel and the average was $1.09 
per bushel, it was felt that $1 per bushel would be a rea­
sonable, though somewhat conservative, value to assume. 
If com were harvested in September and sold commer­
cially, 15 percent of the price, 15 cents, could be used 
for drying with no reduction of income, and the timeliness 
advantages associated with early harvesting could be real­
ized. As an example, if a drying cost of 5 cents per bush­
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el, suggested by Van Possen and Saul (4?, page 422), were 
assumed and corn harvest began on September 27 with a unit 
price of fl per bushel and kernel moisture content of 27 
percent, shelling and drying with heated air in September 
would have a 10 cents per bushel advantage over ear corn 
harvesting in November. The price differential, kernel 
moisture content, and, in turn, drying expense decrease 
together. At the worst, it seems that heated-air drying 
should be a break-even proposition besides allowing harvest­
ing to be done when field losses are reduced and weather is 
comfortable. It would also increase probability of harvest 
completion and allow early fall plowing. 
The average April price is slightly lower than the 
September price. The cost of storage and, if required, 
spring shelling would increase this difference. 
An effort was made to determine the percent of loss if 
corn were left in the field during the winter. Since this 
is not a recommended practice, little research has been done 
on it. Representatives of seed companies, who sometimes 
unintentionally leave research plots in the field throughout 
the winter, report that loss is quite variable. If snow 
is deep and can drift above the ear, it usually removes the 
ear as it thaws. If snow is not deep and high winds do not 
break the stalks, loss may be low, A machinery manufacturer 
in this vicinity regularly leaves a small acreage of com in 
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the field each winter to facilitate experimentation with 
harvesting machines the following spring and summer. No 
accurate records of loss due to winter weather have been 
kept; but losses ranging from 20 to 50 percent were esti­
mated» In 1961, farmers in some parts of southern Iowa 
could not harvest in the fall because of bad field condi­
tions, Results of harvest the following spring varied con­
siderably, Some felt they had very little more loss than 
usual, but others lost the entire crop. Some of the factors 
which affected severity of loss were variety of com, type 
of harvesting machines, amount of drifting snow received, 
and amount of high wind. Resulting difficulties which ham­
pered operations the following year included excessive 
"volunteer" com and delay of spring plowing arrival time. 
Since estimates of actual crop loss varied so much and 
the reduction of yield for the following year, though evi­
dent ^ had not been systematically measured, it was assumed 
that all com left in the field would be lost. That is, if 
probability for completing harvest of 200 acres were 0.895, 
or on the average 89«5 percent of the crop could be har­
vested, it was assumed that 10.5 percent (#2,100) of the 
total crop value was lost» 
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Comparison of Job Sequences 
For all jobs, a completion probability of 0*99 was con­
sidered adequate unless otherwise specified. The first 
sequence was intended to represent usual, or conventional, 
tillage practice. The maximum allowable acreage for each 
machine system is listed in Table 17, The limiting job for 
all machine systems was second cultivation, A completion 
probability of 0,95 was considered acceptable since there is 
some question concerning the value of second cultivation. 
The similar maximum acreages for systems two, three, four, 
and five indicate that cultivation capacity selected was not 
adequate for this job sequence. 
Table 17. Maximum acreages for the first job sequence 





Plow Plant Cult(l) Cult(2) Harvest Plow 
1 100 .999 .994 .990 .952 .996 .991 
2 200 .999 .999 .992 .956 .999 .967 
3 200 .997 .996 .998 .952 .997 .997 
k 200 .997 .996 .990 .952 .997 .997 
5 200 .997 .997 .990 .952 .997 .997 
6 300 .996 .995 .990 .949 .996 .995 
7 400 .999 .999 .999 .999 .999 .999 
8 4oo .999 .999 .992 .956 .999 .999 
9 700 .999 .994 .990 .951 .999 .999 
10 900 .999 .994 .990 .952 .998 .993 
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In the second sequence, only one cultivation was in­
cluded, Maximum acreages, which are listed in Table 18, 
were limited by fall plowing. Since the acceptable comple­
tion probability for spring plowing, 0,99, was reached sev­
eral weeks early in most cases, it was felt that a comple­
tion probability of about 0,70 would be acceptable for fall 
plowing. If only individual machine capacities were con­
sidered, a larger maximiam for each system would be expected « 
Table 18« Maximum acreages for the second job sequence 
Probability of completion 
Machine system Maximum 
acreage 
Plow Plant Cult(l) Harvest Plow 
1 225 .999 .999 .997 .990 .729 
2 225 .998 .997 .991 .990 .729 
3 400 .996 .995 .990 .994 .759 
4- 450 .999 .994 .994 .998 .698 
5 450 .999 .994 .993 .999 .698 
6 525 .996 .996 .991 .996 .825 
7 600 .998 .998 .998 .998 ,662 
8 775 .999 .998 .993 .998 .698 
9 975 .998 .998 .996 .992 .750 
10 1,100 .993 .993 .990 .991 .694 
However, the system capacity was limited by ability to com­
plete plowing» 
The third sequence excluded both second cultivation 
and fall plowing, It was felt that since fall plowing was 
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the limiting factor in the second sequence and extra time 
was available in the spring, it might be pbsaible to in­
crease acreage by doing all primary tillage in the spring. 
However, maximum acreages, which are listed in Table 19, 
were less than for the second sequence. Spring plowing, 
though satisfactorily completed, delayed arrival time of 
planting and, in turn, harvesting. Since harvest arrival 
was late, the completion probability was also reduced. 
Table 19. Maximum acreages for the third job sequence 
Probability of completion 
Machine system Maximum 
acreage 
Plow Plant Cult(l) Harvest 
1 225 .997 .997 .994 .988 
2 225 .997 .996 .988 .997 
3 400 .995 .994 .984 .988 
4 425 .999 .995 .989 .997 
5 425 .999 .996 .989 .997 
6 525 .998 .998 .997 .995 
7 525 .999 .996 .990 .999 
8 750 .998 .997 .994 .991 
9 950 .995 .995 .990 .989 
10 1,075 .989 .998 .992 .989 
Harvest was the limiting job. 
The maximum acreage for each machine system using each 
of the three job sequences is listed in Table 20 for com­
parison, There are at least two reasons why the second se-
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First Second Third 
1 100 225 225 
2 200 225 225 
3 200 400 4oo 
4 200 450 425 
5 200 450 425 
6 300 525 525 
7 400 600 525 
8 400 775 750 
9 700 975 950 
10 900 1,100 1,075 
quence was considered to be superior to the other two; it 
allowed a given machine system to service a larger acreage 
and, in turn, increase income, and it included fall plowing, 
which is very desirable in some localities because of soil 
and weather conditions. Therefore, the second sequence was 
selected for the following economic discussion and revision 
of machine systems. 
In Table 18, acreage was limited by fall plowing ca­
pacity, not harvest» In the economic discussion that fol­
lows, harvest has been considered the limiting job in order 
to utilize the full capacity of expensive harvesting equip­
ment o It was felt that if the acreage giving optimum in­
come were determined with respect to harvest capability, the 
machine system could be revised to conform to it« 
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Complete listings of completion probabilities for the 
three sequences have been included in Appendix C, 
Variation of Income 
Figure 5 shows the general relationship which annual 
cost of machine ownership and value of crop left in the 
field have with the probability of harvest completion» For 
all machine systems, the value of crop left in the field 
(expressed as percent of total crop value) plots the 
straight line Y = 100(1-X), where Y is the value of crop 
left in the field, ajcid X is the cumulative probability of 
completing harvest. The cost of ownership curves have the 
characteristic shape shown in Figure 5» but the curves for 
the various machine systems are different. For a very small 
acreage, the probability of harvest completion is nearly 
one; annual cost of machine ownership is almost 100 percent 
of total crop value; and value of crop left in the field is 
almost zero. For a large acreage, value of crop left in 
the field is high; annual cost of machine ownership is only 
a small portion of total crop value; and probability of har­
vest completion is low. Acreages for the first machine 
system are shown in Figure 5 as an example. 
It seemed reasonable that one should operate at a har­
vest completion probability such that the percent of total 
crop value left in the field would be less than the percent 
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cost of machine ownership, and harvest 
completion —- acreages apply to the first ma­
chine system 
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of total crop value absorbed as annual machinery cost of 
ownership. In Figure 6, the portion of Figure 5 to the 
right of the point where crop loss equals annual cost of ma­
chine ownership has been enlarged, and the points of maximum 
Income for the various machine systems have been indicated. 
Most of the systems required a completion probability of 
0o97 or more for maximum income; however, the third and 
fifth systems reached maximum total income at a harvest com­
pletion probability of about 0.92. These points were lo­
cated using annual cost of machine ownership which did not 
include the cost of dryer fuel. The first and second ma­
chine systems were not affected since no dryer was involved, 
but the rest would be shifted upward about three percent if 
cost of dryer fuel were included. It was felt that since 
the cost of dryer fuel varied with respect to the acreage, 
it could be included more accurately after the acreage 
yielding maximum income was determined than as a fixed per­
cent of original dryer cost. After the acreages giving 
maximum total and per acre income were determined, drying 
expenses at 0.25 gallons of gas per bushel and 10 cents per 
gallon were computed and Included in the annual machine 
costs for these particular acreages. Corrected values for 
income and cost per bushel (for the limited production costs 
included) are included in Table 21 for both maximum income 
per acre and maximum total income, which occur at different 
o MAXIMUM INCOME PER ACRE 
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Table 21 » Optimum acreages for each machine system 
System Annual Acres Dryer Machine Value of Total Income^ Production^ cost 
oost& fuel cost crop loss income per acre per bushel 
($) (#) (^) (^) ($) (#) (cents) 
1 3,183 250 12.80 0.55 21,661 86.65 13.3 
3,183 275 11.60 1.90 23,787 86.50 13.5 
2 3,367 250 CO 13.50 0.55 21,487 85.95 14.1 
3,367 275 12.20 1.90 23,622 85.90 14.1 
3 6,298 450 1,125 13.95 0.88 38,690 85.90 14.0 
6,422 500 1,250 12.82 8.45 39,350 78.80 21.3 
4 7,628 500 1,250 15.24 0.45 42,125 84.20 15.8 
7,690 525 1,312 14.62 2.84 42,818 81.60 17.5 
5 7,891 500 1,250 15.75 0.45 4l,8R5 83.90 16.2 
6 
8,016 550 1,375 14.58 7.74 42,720 77.80 22.4 
9,538 625 1,262 15.25 0.32 52,458 83.90 16.1 
9,901 650 1,625 15.25 2.22 54,025 83.30 16.9 
7 10,910 750 1,875 14.58 0.90 63,385 84.40 15.5 
10,972 775 1,937 14.15 2.88 64,310 82.90 17.0 
8 12,410 Boo 2,000 15.51 0.24 67,388 84.20 15.8 
12,660 900 2,250 14.06 4.70 71,550 79.60 20.5 
9 17,741 1 ,125 2,812 15.78 1.07 93,545 83.25 16.8 
17,866 1 ,175 2,937 15.20 2.32 96,925 82.40 17.5 
10 20,470 1 ,275 3,187 16.05 0.82 106,oo4 83.30 16.8 
20,595 1 ,325 3,312 15.51 2.22 108,999 82.10 17.7 
^Annual cost includes cost for dryer fuel. 
^Income, for this study, means the remainder of gross income after annual 
cost of machine ownership and value of crop lost due to incomplete harvest are 
subtracted. 
^Production cost, as used in this study, Includes only annual cost of ma­
chine ownership and value of crop left unharvested* 
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acreages for each system. Operation near or between these 
acreages is desirable. Cost to produce com, when only ma­
chine costs and value of crop lost due to incomplete har­
vest were considered, varied from 16.9 to 22.4 cents per 
bushel. 
Figure 7 shows the variations of income with increasing 
acreage for each machine system. Solid lines represent in­
come per acre, and dashed lines represent total income. As 
previously noted, the cost of dryer fuel was not included. 
To correct values for systems three through ten, which in­
cluded the drying operation, income per acre and total in­
come should be reduced in accord with Table 21, but the 
general relationship between these systems should not change. 
Corrected total income values are plotted in Figure 8 « The 
points at which income per acre lines for adjacent machine 
systems Intersect, Figure 7, is very near the point of max­
imum total income for the smaller system. After reaching a 
maximum value, total income decreases rapidly as acreage 
increases. It is possible that a farmer, by increasing his 
acreage as little as 25 acres, might work harder but have 
less income because of untimely operations. The limiting 
acreages given in Table 18 for each machine system indicate, 
when plotted on Figure 7, that the acreage for each system 
could profitably be Increased. This would require addi­
tional plowing capacity. The approximate limiting acreages, 
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or the points at which the smaller systems should be aban­
doned, have been listed in Table 22» Systems two and five 
have been omitted because of similarity, respectively, to 
systems one and four» 
If It were assumed that changes to larger machine sys­
tems were made at the proper times as acreage increased, the 
maximum total income curve would approach the line Y = 
-2,ll4o36 + 8BillX, as shown in Figure 8. When adjusted to 
include dryer fuel for systems three through ten, the curve 
approaches the line Y = -3,695.09 + 87,2ÔX. Y is total in­
come in dollars, and X is the acreage. The dashed line and 
points marked with an x locate values corrected to Include 
the cost of dryer fuel. 
Table 22. Acreage at which each machine system should be 
abandoned 









Revision of Machine Systems 
In the previous section, an acreage giving most income 
and adequate harvest completion was selected for each ma­
chine system. However, a limiting acreage, Table 18, had 
already been established by inability to complete fall 
plowing. Three systems, the second, fifth, and tenth, have 
been selected as examples for revision to improve plowing 
capacity and increase the limiting acreage to that utilizing 
all harvesting capacity and giving most income. 
Recommended changes are listed in Table 23. It was 
felt that for smaller systems, such as the second system, 
capacity should be increased without creating need for more 
Table 23. Recommendations for machine system revision 
Machine systems Recommendations 
2 Replace tractor and plow with: 
75 bp tractor 
6-l4 plow 
5 Add another tractor and plow: 
' 35 hp tractor 
3-1^ plow 
10 Add another tractor and plovj: 
35 hp tractor 
3-14- plow 
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labor if possible. This is likely one reason many farmers 
change to larger tractors when, to the casual observer, it 
seems they have no need for additional power. For larger 
operations, such as the fifth and tenth systems, it was felt 
that labor would not be such a problem and that the addi­
tional small tractor might be useful for farmstead Jobs. 
such as cleaning feedlots. The revised annual cost of own­
ership (dryer fuel not included) and effective plowing ca­
pacity for the three systems are given in Table 24. The 
Table 24„ Revised cost of machine ownership and effective 
field capacity for plowing 
Machine Effective plowing capacity Cost of ownership 
system Original Revised Original Revised 
(acres/hr) (acres/hr) (dollars) (dollars) 
2 2.26 2.71 3,367 3,686 
5 2.71 4.00 6,641 7,494 
10 5.43 6.72 17,283 18,136 
revised information was put into the computer programs as 
before, and the characteristics listed in Table 25 were 
computed. The maximum, or limiting,acreage was still de­
pendent upon fall plowing, especially for the tenth system, 
indicating that plowing capacity should have been increased 
68 
Table 25. Characteristics of revised machine systems 
Machine Maximum Total Income Production cost 
system acreage Income per acre per bushel 
(acres) (dollars) (dollars) (cents) 
2 250 21,249 84.8 15.1 
5 500 42,278 84.6 15.4 
10 1,175 98,890 84.1 15.8 
even more. Plowing capacity should be Increased by in­
creasing individual machine effective width or adding ma­
chines until the desired acreage, limited by harvest, is 
attained. In general, it is possible to determine the acre­
age, based on harvest completion probability, which yields 
maximum income and then revise the machine system to in­
crease the limiting acreage, based on fall plowing comple­
tion probability, to that required for maximum income. It 
was felt that adjusting the system to agree with harvesting 
capacity was reasonable since a large portion of annual ma­
chine ownership cost is for harvesting equipment » 
Sample Calculation of Net Income 
It was intended in this study to compare income attain­
able by selected machine systems for different acreages, not 
to give an estimate of net income. However, such an esti­
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mate could be made by using local costs for seed, chemicals, 
labor, land use, and fertilizer. As an example, the fol­
lowing costs have been assumed (in addition to those already 
determined) to estimate net income from the corn crop pro­
duced by the tenth machine system on 1,175 acres, the lim­
iting acreage after plowing capacity was increased; 
lo Fertilizer - |15 per acre 
2. Seed - $2 per acre 
3. Chemicals - |5 per acre 
4. Labor - $1,50 per acre 
5. Land value - $4^0 per acre 
6. Land use cost - $30 per acre (Ihnen and Heady (21) 
used 6.5 percent of land value.) 
7o Field losses - $6 per acre 
Calculations were summarized as follows ; 
Tenth Machine System (Revised) 
Second Sequence (Plow-Plant-Cultivate-Harvest-Plow) 
Total Acreage 1.175 acres 
Total Yield 117.500 bushels 
Total Crop Loss 1,175 bushels 
Gross Income: 
1,175 acres x 100 bu/A x 1 dollar/bu = |117j500o00 
Expenses ; 
Machine ownership $18,136.00 
Dryer fuel 2,938.00 
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Fertilizer (at $15 per acre) 17,625.00 
Seed (at $2 per acre) 2,350.00 
Chemicals (at #5 per acre) 5>875.00 
Land use (at $30 per acre) 35,250,00 
Labor (at $1,50 per acre) 1,762,50 
Field losses (at $6 per acre) 7s050o00 
Value of crop left in field 
due to incomplete harvest 1 „ 175 oOO 
Total expenses #92*161,50 
Total net profit #25.318.50 
Net profit per acre #21*56 
Production cost per bushel #0.78 
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SELECTED CASE SYSTEM 
The Ankeny Research Farm, located a few miles north of 
Des Moines, Iowa, was selected for application of the mathe­
matical modelo The Ankeny Farm Service Department each year 
tends from 500 to 900 acres of com which is used to feed 
research animals housed on the farm. 
General Description 
Figure 9 shows the general layout of the farm. The 
entire area includes about 2500 acres, but less than half of 
it is available for cropping. Haul distances are reasonably 
short and jobs performed are similar to those required of 
any farmer operating a large acreage. Since Ankeny Farm 
Service Department is responsible for servicing the research 
areas as well as caring for the crops, labor is not as much 
a problem as for an individual farmer. 
During the 1965 cropping season, 550 acres were planted 
to com. Of this total, 250 acres were planted using con­
ventional, ^ 0-inch rows and 300 acres were planted using 
30-inch rows. This meant that use of machines was not as 
flexible as if all rows were the same width, but the fore­
man felt that the two widths had created no unusual prob­
lems. The machine system is listed in Table 26. It is 
almost the same as the ninth system selected for this study 
except that an additional 35 horsepower tractor and 3-1^ 
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F A R M  
H E A D Q U A R T E R S  
Figure 9. Layout of case farm 
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Table 26, Machinery included in the case corn production 
system 
Machine No. Size Speed Width Field Effective Ann, cost 
eff. capacity ownership 
(mph) (ft) {%) (acres/hr)(dollars) 
Tractor 2 75 mm mm mm —m mm M mm 2,949 
1 35 «— — mm mm mm mm 690 
Plow 1 5-14 4 5.83 80 2.26 219 
1 3-14 4 3.33 80 1.29 163 
1 4-diso 4 5.33 80 2.07 l4l 
Disk 2 17.5 ft 5 34,00 80 16.48 572 
Rotary hoe 1 4-row 7 13.33 80 9.05 100 
Planter 1 6-row 5 15.00 68 7.27 376 
1 4-row 5 13.33 70 5.65 204 
Cultivator 1 6-row 4(1) 15.00 75 5.46 
6(2) 15.00 75 8.18 200 
1 4-row 4(1) 13.33 75 4,84 
6(2) 13.33 75 7.27 164 
Combine 1 2-row 3.5 6,66 70 1.97 1,571 
1 4-row 3.5 10,00 60 2.10 2,356 
Dryer 2 550 bu — — — —  2,586 
Elevator 1 36 ft — — mm mm 101 
Truck 2 2 Ton — M — — — «V mm — 1,618 
Wagon 3 125 bu — — — —  — —  — — 261 
Total annual cost of ownership $14,271 
plow were included and one less dryer was used, A conven­
tional job sequence, like the first sequence selected for 
this study, was used. 
Application of Mathematical Model 
Data from this machine system was processed like the 
previously selected experimental systems. For 550 acres, 
the cumulative completion probabilities, using the first 
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sequence, were as follows; 
Plow - 0.995 
Plant - 0.990 
Cultivate (first) - 0.986 
Cultivate (second) - 0.744 
Harvest - 0.991 
Plow - 0.990 
These results indicated that 25.6 percent, or l4l acres were 
never cultivated the second time. The foreman, when asked, 
estimated that at least 125 acres had not been cultivated 
because the corn got too tall. He was not concerned 
since he felt the second cultivation sometimes did little 
good. Of the three sequences suggested in this study, he 
preferred the second, which had only one cultivation. 
For the first sequence, the case system seemed to be 
lacking in capacity to cultivate but had excessive capacity 
for all other jobs. If the second sequence were used, the 
eighth machine system, Table 13, should be about right. It 
seemed that if the second sequence were used for the 550 
acres, about $4,000 could be saved annually for ownership 
of machinery; however, for Ankeny Farm Service there are 
extenuating circumstances. The com acreage varies from 
about 500 acres to about 900 acres, and excess machinery 
must be kept on hand for the high acreage years. Some work, 
such as the 30-inch row corn, is done in cooperation with 
75 
those doing research, and some machines may 'be on hand for 
this work that should not be charged against the regular 
operation. 
It Is thought that many farmers (like the case system) 
may have the problem of excess capacity for certain jobs and 
too little for others. This is readily detected when a sys­
tem is subjected to the mathematical model which was used 
for this study. 
The schedule for performance of the various jobs was: 
1„ Spring plowing - None (All plowing was completed 
during the fall of 1964.) 
2. Planting - April 29 through May 17 (This period 
included 6 bad days,) 
3o Rotary hoeing - May 12 through May 20 (This period 
included a few bad days.) 
4, First cultivation - May 24 through June 5 
5o Second cultivation - June 7 through June (About 
125 acres were left unfinished.) 
6. Harvesting - September 24 through October 30 
Dates for fall plowing have not been included in this sched­
ule. Since Ankeny Farm Service has access to additional 
tractors, fall plowing arrives as soon as harvest begins; 
this increases likelihood of completing the job and is not 
typical of most com production systems. During most 
seasons, Ankeny Farm Service completes all plowing in the 
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fall. 
The date for 75 percent silking was about July 17, and 
the mean temperature after planting was about 65 degrees 
Fahrenheit. Prom Equations 4 and 5, first cultivation was 
expected to arrive during climatic week 13 and harvesting 
during climatic week 31. These calculated dates agreed 
closely with the actual informationo 
It is suggested that this case system might be improved 
by planning to use the second job sequence — rather than 
using it accidentally — and reducing the number of machines 
to that of the eighth system, Table 13. This would give 
considerable saving in annual cost of machine ownership and 
still furnish capacity for about 700 acres. 
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SUMMARY AND CONCLUSIONS 
In this study, selected corn-production machine systems 
have been examined to find the acreage which gave maximum 
Income and fully utilized harvest capacity without over­
burdening ability to perform other jobs in the sequence. 
Ten machine systems and three job sequences, which included 
conventional and reduced tillage practices, were selected» 
Each machine was investigated with each of the three job 
sequences over acreages ranging from 100 to 1,500 acres. 
Objectives were: 
lo Select machine systems with gradually increasing capaci­
ty to service acreages ranging from 100 to 1,500 acres, 
2. Select three job sequences for comparison of machine 
systems. 
3. Apply an existing mathematical model to find the cumu­
lative probability of completing jobs in each sequence 
for each machine system. 
Prepare digital computer programs to perform repetitive 
calculations required by the mathematical model. 
5. Determine maximum income for each machine system. 
(Income was defined as gross income minus the annual 
cost of machine ownership and the value of corn left In 
the field because of inability to complete the harvest.) 
6. Make recommendations to adapt the machine systems se-
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lected to maximize income. 
7, Select an existing corn production system; apply the 
mathematical model to it; and make recommendations to 
Improve the machine system. 
Ten machine systems were selected from currently avail­
able corn production equipment. The first machine system 
was thought to be basic and was intended to service about 
100 acres of corn. Capacity was increased gradually to that 
of the tenth system which, it was hoped, could service about 
1,500 acres. 
Three job sequences were selected. The first, which 
included spring plowing and disking, planting, first culti­
vation, second cultivation, harvest, and fall plowing, was 
thought to be conventional, or similar to that currently 
used by most farmers. The second sequence included spring 
plowing and disking, planting, first cultivation, harvest, 
and fall plowing. The third sequence included spring 
plowing and disking, planting, first cultivation, and har­
vest* Both the second and third sequences were regarded as 
reduced tillage. 
The mathematical model derived by Link (25) was used 
to compute cumulative probabilities of completion for each 
job. The computer program prepared by Marley (27) from 
Link"s work, was adapted for this study. Two short programs 
were prepared in addition to process input for the main 
79 
program and compute income from the main program output. 
The second sequence, which is likely to be the conven­
tional system of the future, was selected for economic dis­
cussion and machine system revision» First, the maximum 
allowable acreage was determined with respect to fall 
plowing, which was the limiting job. Then, using harvest 
as the limiting job, the acreage which gave maximum income 
for the available harvesting capacity was determined* Using 
this acreage as a guide, suggestions were made to revise 
the effective field capacity of the limiting job, plowing, 
so that it could adequately service the acreage which gave 
maximum income<. The second, fifth, and tenth systems were 
revised as examples. 
The com production system of the Ankeny Research Farm 
was selected for application of the mathematical model. 
It was found that for the first sequence, which Ankeny Farm 
Service personnel intended to use, cultivation capacity was 
too low. However, there was little concern that second 
cultivation could not be completed, and it seemed they were 
really using the second sequence. For this sequence, too 
much machinery was on hand to operate at maximum income. 
It is understood that many production costs have been 
omitted; however, values for labor, seed, chemicals, and 
land use could be included and net income computed for the 
acreages selected in this study. Except for advantage of 
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quantity purchase, those factors should have relatively con­
stant unit cost, and including them should not affect the 
acreage giving maximum income. 
On the basis of this study, the following conclusions 
are thought to be valid: 
1„ Because of weather factors, which restrict time avail­
able to perform jobs, there is a definite maximum acre­
age which a given machine system can service. The 
mathematical model used in this study can identify the 
acreage. 
2. Increasing corn acreage is risky unless the position on 
the income-acreage curve. Figure 7, for the machine sys­
tem presently used is known. If operating near the 
acreage yielding maximum income, a small increase of 
acreage — especially for low capacity systems — may 
cause a considerable reduction in income. 
3. For the farmer operating an acreage greater than that 
yielding maximum income for his present machine system, 
two courses of action are available: 
a. Decrease com acreage to the point of maximum in­
come. At this acreage there is no way of increasing 
income. 
b. Change to a larger machine system. This not only 
increases income from the present acreage but allows 
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room for increasing both acreage and income at some 
future date. 
If operating on or below the maximum acreage for each 
of the machine systems used in this study, the relation 
between income and acreage, for the yield and unit crop 
values assumed, should be about Y = -2,114*36 + 880IIX 
if no dryer were used or Y = -3,695.09 + 87o26x include 
ing dryer fuel. X is the acreage, and Y is total in­
come in dollars. (If either yield, unit crop value, or 
both were increased, the curves in Figure 7 would all 
shift upward. The opposite would be true for a decrease 
of values,) 
If acreage for a low capacity system, such as the first 
and second systems in this study, using the second se­
quence were increased, a tractor with more horsepower 
would be required since plowing is the limiting job. 
This may be one factor in the current demand for larger 
tractors. 
It would be easier for a farmer to select a machine 
system that would permit operation near maximum income 
per acre if machines were manufactured to give greater 
choice of effective machine width. This seemed to be 
true in this study for acreages between 250 and ^50 
acres and 850 to 1,000 acres. 
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7 „  If a machine system were revised to Increase over-all 
capacity without special emphasis on capacity to perform 
the limiting job, such as plowing, the result would be 
increased annual cost of machine ownership, decreased 
income per acre, but little or no increase in system 
capacity. The second and fifth systems in this study 
are examples of this. They had higher annual cost, 
respectively, than the first and fourth systems but 
yielded lower income. There Is likely a tendency among 
farmers to have excessive planting and harvesting ca­
pacity when, in reality, the arrival time for planting 
and, in turn, harvest have been delayed by too little 
plowing capacity., A better solution would be to in­
crease plowing capacity. 
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SUGGESTIONS FOR FURTHER STUDY 
In this study, one job, harvesting, of a job sequence 
for one crop, com, was of particular interest. This in­
formation was thought to be necessary before working with 
more than one crop at the same time. It would be helpful 
to consider harvesting of various combinations of corn and 
soybeans for a given machine system. These crops are, by 
the definition of Buddemeier et al. (8), competitive but re­
quire the same machinery. Such an investigation would re­
quire consideration of a job sequence with two channels. 
The climatic weeks used to limit arrival and completion 
of the various Jobs required for com, though somewhat em­
pirical, seem adequate. Similar dates should be determined 
for other crops, such as soybeans, alfalfa, and oats. 
When the new computer complex has been installed in 
the Iowa State University Computer Center to replace the 
IBM 707^, for which programs included in this study were 
written, the increased storage should allow the main program 
for the mathematical model to be expanded to include several 
additional subroutines which would make input easier and 
make output more flexible. 
When working with weather probability, there is need 
for good weather history. The specific type of observation 
concerning whether or not a field machine can work, such as 
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that used by Link (25), is not readily available in most 
areas, and if it were available, it would likely be biased 
by the individual making the observations or the vicinity 
where the observations were made. Considerable basic weath­
er information is available, but the criteria to determine 
which conditions constitute a bad day have not been estab­
lished, For instance, a criterion could be established for 
the amount of accrued precipitation required before soil of 
a certain clay content either begins adhering to the machine 
wheels or fails to support the machine' s weight» A micro­
climate study might be made of the com plant to determine 
which weather factors cause harvesting to become difficult* 
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Constants: HRS - Number of hours in each working day 
Variables; PLOW - Effective field capacity for plowing 
DISK - Effective field capacity for disking 
PLANT - Effective field capacity for planting 
CULTl - Effective field capacity for first 
cultivation 
CULT2 - Effective field capacity for second 
cultivation 
PIE - Effective field capacity for harvesting 
TIMIA - Days required to disk entire acreage 
TIMIB - Days required to plow entire acreage 
TIMIC - Days required for fall plowing 
TIMEl - Days required for spring plowing 
TIMÉ2 - Days required for planting 
TIME3 - Days required for first cultivation 
TIHE4 - Days required for second cultivation 
TIME5 - Days required for harvesting 
Input : The first six variables listed 
Output ; The last eight variables with the exception of 
TIMIB 
D I M E N S I O N  P L O W ( I O ) s D Î S K ( 1 0 )  . P L A N T  ( 1 0 ) , C U L T l  (  1 0  )  i ,  C U L T 2  (  1 0  )  , P I K ( 1 0 )  
D O  1  1 = 1 , 1 0  
R E A D  ( 1 , 1 0 )  P L O W (  I  )  , D I S K {  I  ),  P L A N T (  I  ) t C U L T l f  I  ) , C U L T 2 (  n  n  
1 0  F O R M A T  ( 6 F 1 0 . 5 )  
W R I T E  ( 2 , 9 )  P L O W ( I ) , D I S K ( I ) , P L A N T ( I ) f C U L T l C I ) , C U L T 2 { I ) , P I K ( n  
9  F O R M A T  ( I H  , 6 F 1 0 . 5 )  
1  C O N T I N U E  
W R I T E  ( 2 , 2 0 )  
2 0  F O R M A T  ( I H 1 , 4 X , 4 H D I S K , 8 X , 9 H P L 0 W , D I S K , 8 X , 5 H P L A N T , l O X , 6 H C U L T  1,10X, 
1 6 H C U L T  2 , 1 I X , 7 H H A R V E S T , 9 X , 4 H P L 0 W , 8 X , 5 H A C R E S )  
H R S = 8 o  
D O  2  1 = 1 0 0 , 1 5 0 0 , 2 5  
A  I  —i  •  •  
D O  2  J = l , 1 0  
T I M 1 A = A I / ( D I S K ( J ) * H R S ;  
T I M 1 B = A I / ( P L 0 W ( J ) t t H R S )  
T I M 1 C = T l M l B / 2 o  
T I M E 1 = T I M 1 C + T I M 1 A  
T Î M E 2 = A I / ( P L A N T ( J ) » H R S )  
T I M E 3 = A I / ( C U L T l ( J ) e H R S )  
T I M E 4 = A I / ( C U L T 2 ( J ) * H R S )  
T I M E 5 = A I / ( P I K ( J ) * H R S )  
W R I T E  ( 2 , 3 0 )  T I M I A , T I M E 1 , T I M E 2 , T I M E 3 , T I M E 4 , T I M E S , T I M 1 C , %  
3 0  F O R M A T  ( I H  , F 7 o 1 , F 1 4 »  1 , F 1 3 o 1 , F 1 5 o 1 , F 1 7 o I , F 1 7 o 1 , F 1 4 o 1  »  1 1 3 Î  
2  C O N T I N U E  
E N D .  
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Main Program 
The program, as listed, was used for the first and 
second sequences. For the third sequence, statements in­
volved in calculations for jobs four and six (second culti­
vation and fall plowing) were omitted. 
Constants: NNN - Number of situations to be considered 
U K  - One more than the number of situations 
including ear corn harvesting (This 
value was used in a test to determine 
the earliest allowable arrival date for 
harvest. Arrival for ear com harvest 
was later than for shelling and drying») 
NGD - The number of good days required in 
spring before plowing can arrive 
S - Tolerance parameter for computation of 
holding probability (The value 0.01 was 
used; this limited reliable accuracy for 
completion probability to two decimal 
places.) 
Variables: PNA - Probability of non-arrival 
Q, - Probability of bad field conditions 
IT - Mean temperature for the period between 
planting and silking 
CPA(I) - Cumulative probability of arrival at 
beginning of week I 
H(J) - Holding probability during week J if 
week I, starting date, is known 
MZEEO(JOB) - Good field-work days required to 
complete the job specified 
NE(JOE) - Earliest arrival date permitted for 
the job specified 
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NL(JOB) - Latest completion date permitted for 
the job specified 
P(M) - Probability of M good days in a given 
week 
PA(I) - Probability of arrival at beginning of 
week I 
PB(-I) - Binomial probability of any day in week 
I being good for field work 
PC(J) - Cumulative probability of completion at 
end of week J 
POC(J) - Probability that a job Is pending 
(This term becomes more Important if 
a sequence with two channels is con­
sidered.) 
PPC(J) - Probability that a job is in progress 
(This term becomes more important if a 
sequence with two channels is con­
sidered.) 
PR(M) - Given climatic weeks I and J, the prob­
ability of M good days during the period 
I through J 
PT(M) - The truncated probability vector of M 
good days during weeks I through J 
Input; PB(I) - I denotes climatic week of Interest 
NE(I) - I denotes job within the sequence 
NL(I) - I denotes job within the sequence 
MZERO(I) - I denotes job within sequence 
NGD 
IT 
Output: CPAl - Cumulative probability of arrival for 
spring plowing 
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CPA2 - Cumulative probability of arrival for 
planting 
CPA3 - Cumulative probability of arrival for 
first cultivation 
CPA4 - Cumulative probability of arrival for 
second cultivation 
CPA5 - Cumulative probability of arrival for 
harvesting 
PCI - Cumulative probability of completion for 
spring plowing 
PC2 - Cumulative probability of completion for 
planting 
PC3 - Cumulative probability of completion for 
first cultivation 
PC4 - Cumulative probability of completion for 
second cultivation 
PC5 - Cumulative probability of completion for 
harvesting 
PC6 - Cumulative probability of completion for 
fall plowing 
PPC - Probability that a job is in progress 
POC - Probability that a job is pending 
D I M E N S I O N  N E ( 6 )  , N L ( 6 ) , M Z E R 0 ( 6 Î  , P 8 ( 5 6 ) , H ( 5 6 ) , P ( 7 ) «  P R ( 6 5 ) p P T ( 6 0 } ,  
1PA(56),CPA1(56) ; PCI(56),CPA2(56),PC2(56),CPA(56),W(56),Z(56); 
2 X ( 5 6 ) 5 Y ( 5 6 ) , C P A 5 ( 5 6 ) s P C 5 ( 5 6 ) , P P C ( 5 6 ) , P O C ( 5 6 ) , I W ( 5 6 ) , P C ( 5 6 )  
3 , P C 6 ( 5 6 )  
C O M M O N  I , H , P B , P R , M O , P T , S , P , N 2  
1  R E A D  I N P U T  T A P E  1 , 1 0 0 1 , { P B ( I ) s î = 1 j 5 6 î  
1 0 0 1  F O R M A T  ( 7 F 1 0 . 4 )  
N N N = 2 7  
I J K = 1 0  
I  1 1 = 0  
3 0  I  I I  =  I  î 1 + 1  
2  R E A D  I N P U T  T A P E  1 ,  1 0 0 6 ,  ( N E ( I ) , I  =  1 ,  6 ) , ( N L ( I  3  , ï  =  1 , 6 ) , N G D , ( M Z E R O { l î  
1 1 = 1 , 6 1 , I T , S  
1 0 0 6  F O R M A T  ( 7 1 1 0 / 7 1 1 0 / 6 1 1 0 , F I O , 4 )  
W R I T E  ( 2 ,  1 0 0 7 ) ,  ( N E (  I  ) , 1 = 1 , 6 )  ,  ( N L { I  ) , 1  =  1 . 6 ) , N G D ,  ( M Z E R 0 ( I ) , I = 1 , 6 ) »  
U T , S  
1 0 0 7  F O R M A T  ( I H l , 7  I I 0 / 7 1 1 0 / 6 1 1 0 , F 1 0 . 4 )  
J 0 B  =  1  
N 1 = N E ( 1 î  
C P A ( N l ) = O o O  
D O  1 0  1 = 1 , 5 2  
1 0  P 0 C ( I ) = 0 o 0  
2 4  N 2 = N L ( 1 )  
D 0 2 7 I = N 1 , N 2  
Q = i c O - P B î  n  
P N A = 0 o 0  
A  =  Q ® î > 6  "  -  -
0 0 2 6 J = 1 , N G O  
P N A = P N A + A  
G  =  J  
B = A * ( 7 . 0 - G ) e P B ( I )  
2 6  A = B / ( G * Q )  
A = i „ o - c p A ( n  
2 7  C P A ( I + 1 ) = 1 . 0 - A * P N A  
3 8  D 0 3 9 I = N 1 , N 2  
3 9  P A (  I ) = C P A ( I f r l ) - C P A (  I  )  
2 0 1  0 0  2 0 2  J = l ; 5 2  
2 0 2  P C ( J ) = O o O  
M O = M Z E R O ( J Q B ) + 1  
2 0 6  D 0 2 0 4 I = N 1 , N 2  
C A L L  C O M P T  
2 0 3  C O N T I N U E  
D O  2 0 4 J = I , N 2  
A = P A ( I ) » H ( J )  
2 0 4  P C ( J ) = P C ( J ) + A  
207 P0C(N1)=P0C{NI)+CPA(N1) 
D 0 2 0 5 J = N 1 , N 2  
P C ( J + 1 ) = P C ( J + 1 ) + P C ( J )  
A = C P A ( J + 1 ) - P C ( J )  
2 0 5  P O C  (  J + 1  ) = P O C (  J + D + A  
G O  1 0 ( 2 4 1 , 2 4 3 , 7 5 , 7 5 , 2 4 5 , 2 4 7 ) , J O B  
2 4 1  D O  2 4 2  I = N l , N 2  
C P A l ( I ) = C P A ( I )  
2 4 2  P C 1 ( I ) = P C { I )  
G O  T O  5 1  
2 4 3  D O  2 4 4  I = N 1 , N 2  
C P A 2 ( I ) = C P A ( n  
2 4 4  P C 2 (  n =  P C (  I )  
G O  T O  8 1  
2 4 5  0 0  2 4 6  I = N 1 , N 2  
VO 
CO 
C P A 5 ( I Î = C P A ( I î  
246 P C 5 (  I  ) =  P C ( I )  
D O  2 4 9  I = N 2 , 5 2  
2 4 9  P C 5 ( I ) = P C ( 4 1 )  
G O  T O  9 1  
2 4 7  0 0  2 4 8  I = N 1 , N 2  
2 4 8  P C 6 1 I ) = P C ( n  
G O  T O  8 7  
5 1  J 0 B = 2  
N I - N 2  
N 2 = N L ( 2 )  
I F ( N 2 - N 1 ) 5 4 , 5 4 , 5 2  
5 2  D 0 5 3 % = N 1 , N 2  
5 3  P C ( I + i ) = P C ( N l S  
5 4  N 1 = N E « 2 )  
C P A ( N 1 ) = O o O  -
0 0 1 5 5 I = N 1 , N 2  
1 5 5  C P A ( 1  +  1 ) = P C ( î  î  
D 0 5 ô I = N l « N 2  
5 6  P A ( I  +  l ) = C P A { I + l  ) - C P A { I î  
N 1 = N 1 + 1  
G 0 T 0 2 0 1  
8 1  N 1 = N E ( 2 )  
N 2 = N L ( 2 )  
0 0 8 2 1 = 1 , 4 2  
8 2  W { I ) = O o O  
0 0 8 4 N = N 1 , N 2  
D  =  N  
T  =  I  T  
A=(.1959-o009868*D)oT 
IF (III-IJK) 300,301,301 
3 0 0  I = 4 2 . 3 5 - ( . 0 5 9 * D ) - A  
VO 
\0 
G O  T O  3 0 2  
3 0 1  î = 3 8 o 7 8 - ( o 0 5 9 » D ) - A  
3 0 2  I F  ( N l - N )  84,83,83 
8 3  I D = I  
8 4  W ( I ) = W { I ) + P A ( N )  
N 1 = I D  
N 2 = N L ( 5 )  
C P A ( N 1 ) = W ( N 1 )  
D 0 8 5 I = N 1 , N 2  
P A (  I  ) = W ( I )  
8 5  C P A n  +  l ) = C P A (  I ) + W (  I - Î - 1 )  
J 0 8 = 5  
G 0 T 0 2 0 1  
9 1  J G B = 6  
N 1 = N E ( 6 )  
N 2 = N L ( 6 )  
P A { N l ) = O o O  
C P A ( N l ) = O o O  
D O  9 2  I = N 1 , N 2  
C P A ( I + 1 ) = P C 5 ( I )  
9 2  P A (  H - 1 ) = P C 5 (  I  ) - P C 5 {  I-1Î 
G O  T O  2 0 1  
8  7  D O  8 9  1 = 1 , 5 2  
P P C ( I ) = P O C ( I )  
C P A (  n= C P A 2 (  I  )
8 9  P C (  I  ) = P C 2 ( I Î  
N 1 = N E ( 2 ) + 1  
N 2 = N L ( 2 )  
8  D 0 9 N = N 2 , 4 1  
9  P C ( N + 1 ) = P C ( N 2 )  
X ( N 1 - 1 ) = 0 . 0  
P A ( N 2 ) = 0 o 0  
T = Ï T  
D Q l l N = N l t N 2  
C = N  
A = ( .1959-.009868*C)*T 
B=27.78-(.059*C)-A 
1=1,5+o6*Cfo4uB 
I W ( N ) = I  
X ( N ) = P C ( I - 1 ) * C P A ( N )  
1 1  P A ( N ) = X ( N ) - X ( N - 1 )  
6 1  D 0 6 2 J = 1 , 4 2  
C P A{J ) = O o O  
W ( J ) = O o O  
X ( J ) = O o O  
Y(J)=0.0 
6 2  Z { J I = O o O  
N=N1 
6 3  I= I W ( N )  
D = N  
T = I T  
A = ( .1959-.009868*D)*T 
B=27o7a-{.059*D)-A 
N2=B-1„5 
I F ( N 1 - N ) 6 5 ; 6 4 , 6 4  
6 4  I D = I  
65 I F ( I - N 2 ) 6 6 , 6 6 , 7 5  
6 6  C P A ( I ) = C P A ( î ) + P A ( N )  
J 0 B  =  3  
M O  =  M Z E R O (  J 0 8 Î - 5 - 1  
C A L L  C O M P T  
6 7  D 0 6 8 J = I , N 2  
6 8  Y { J ) = H ( J )  
K K =  I  
6 9  C = P A ( N ) & Y ( K K )  
W ( K K ) = W { K K ) + C  
I=KK+2 
I F ( I - N 2 ) 7 0 , 7 0 , 7 3  
7 0  J 0 B = 4  
Z ( I ) = Z ( [ ) + C  
M 0 = M Z E R 0 ( J 0 B ) + 1  
C A L L  C O M P T  
7 1  D 0 7 2 J = I , N 2  
7 2  X ( J ) = X ( J ) + C » H ( J )  
7  3  K K = K K + 1  
I F ( K K - 1 - N 2 ) 6 9 , 7 4 , 7 4  
7 4  N  =  N - s -  L  
I F ( N - 1 - N L ( 2 ) ) 6 3 , 7 5 , 7 5  
7 5  N 1 = I 0  
D 0 7 6 J = N 1 , N 2  
C P A { J ) = C P A { J ) + C P A { J - 1 Î  
W ( J + 1 ) = W ( J + 1 ) + W ( J )  
Z ( J ) = Z ( J ) + Z ( J - 1 )  
X ( J + 1 ) = X ( J + 1 ) + X ( J )  
A = C P A ( J ) + Z ( J )  
B = W ( J - 1 ) + X ( J - 1 )  
7 6  P O C { J ) = P O C ( J ) + A - B  
W R I T E  O U T P U T  T A P E  2 , 1 0 0 0  
i O O O  F O R M A T  ( I H 1  »  3 7 X , 4 5 H T I  M E L I  N E S S  P R O G R A M  C O R N  O N L Y — S E L E C T E D  S Y S T E M ,  
1 / / )  
W R I T E  O U T P U T  T A P E  2,1002 
1 0 0 2  F O R M A T  ( 1 1 2 H  I  C P A l  P C I  C P A 2  P C 2  C P A 3  
1 C 3  C P A 4  P C 4  C P A 5  P C 5  P P C  P O C  P C 6 1  
D O  1 0 0 4  1 = 1 , 5 2  
1 0 0 4  W R I T E  O U T P U T  T A P E  2  ,  1 0 0 3 , I , C P A  1 (  I )  , P C  1 ( I ) , C P A 2 ( I )  » P C 2 ( 1 ) p  
I C P A { I ) j W { I ) s Z ( I ) , X ( I ) p C P A 5 ( I ) , P C 5 ( I ) » P P C ( I )  , P O C ( I )  , P C 6 ( I )  
1 0 0 3  F O R M A T  ( I 8 , 4 X , 1 3 F 8 . 5 )  
I F  { I I  I - N N N )  30,40,40 
40 C O N T I N U E  
E N D  
SUBROUTINE COMPT 




















D 0 1 0 6 M = 1 , M M A X  
A = A + P R { M )  
1 0 6  P T ( M ) = P R ( M 1  
I F ( S - A ) 1 0 7 , 1 1 5 , 1 1 5  
1 0 7  Q = 1 , 0 - P B { J + 1 )  
P ( 1 ) = Q **6 
D 0 1 0 9 M = 1 , 6  
G = M  
B = P ( M ) * ( 7 . 0 - G ) * P B ( J + 1 )  
1 0 9  P ( M + 1 ) = B / ( G * Q )  
M M A X = M H A X + 6  
D 0 1 1 4 M = 1 , M M A X  
P R ( M ) = O o O  
M M l N = M - 6  
I F ( 1 - M M 1 N ) 1 1 1 , 1 1 1 , 1 1 0  
1 1 0  M M 1 N = 1  
1 1 1  D O l 1 3 L = M M 1 N , M  
I F (  f 1 M A X - 6 - L )  1 1 4 , 1 1 2 , 1 1 2  
1 1 2  K = M + 1 - L  
A = P T ( L ) * P ( K )  
1 1 3  P R ( M ) = P R ( M ) + A  
1 1 4  C O N T I N U E  
1 1 5  C O N T I N U E  
R E T U R N  





Constants: YLD - Yield in bushels per acre 
VALU - Unit value of crop in dollars per bushel 
M - Number of situations to be considered 
(Also the number of input cards) 
Variables; ACR - Number of acres 
PMC - Machine cost as percent of total crop 
value 
PL - Crop loss due to incomplete harvest ex­
pressed as percent of total crop value 
P - Total income 
TCV - Total crop value 
PA - Income per acre 
PAMAX - Maximum income per acre for all 
situations considered 
Input ; ACR 
PMC 
PL 





D I M E N S I O N  A C R ( 2 0 0 ) , P M C ( 2 0 0 ) , P L ( 2 0 0 )  ? P (  2 0 0 )  s T C V { 2 0 0 ) s  P A ( 2 0 0 )  
Y L D = 1 0 0 o  
V A L U = 1 .  
M = 1 0 3  
D O  1  1=1,M  
R E A D ( l î i O )  A C R { I ) » P M C ( I ) î P L (  n  
1 0  F O R M A T  (  F 1 0 . 0 , 2 F 1 0 . 3 , 4 2 X )  
1  C O N T I N U E  
W R I T E  ( 2 , 4 0 )  
4 0  F O R M A T  ( I H l , 1 5 X , 5 H Y  1  E L D , 5 X , 5 H V A L U E , 5 X , 5 H A C R E S , 5 X ^ 1 6 H T 0 T A L  C R O P  V A L  
1 U E , 5 X , 1 2 H P C  M A C H  C O S T , 5 X , 7 H P C  L O S S , 5 X s 6 H I N C G M E , 5 X , 1 I H I N C O M E / A C R E ,  
2//) 
D O  2  J = 1 , M  
T C V ( J ) = A C R ( J ) a Y L D a V A L U  
P {  J ) = T C V (  J ) - (  (  (  P M C  (  J ) / 1 0 0 < ,  ) * T C V ( J )  )  +  ( ( P L ( J ) / 1 0 0 . )  * T C V ( J )  )  )  
P A ( J ) = P ( J ) / A C R (  J î  
2  W R I T E  ( 2 , 3 0 )  Y L  0  ,  V A L U  ,  A C R  (  J  )  ,  T C V  (  J  )  ,  P M C  (  J  )  »  P L  (  J  )  s ,  P  (  J  )  ,  P A  (  J  }  
3 0  F O R M A T  ( I H  ,  1 O X  ,  F 1 0 .  0 ,  F  l O ,  2 ,  F I  O c  0 ,  2 F 1 7 ,  2  ,  F I  5  < .  2  s  2 F  1 4 o  2 / 5  
P A M A X = l o  
D O  4  K = l 9 M  
T E S T = P A ( K )  
I F  ( P A M A X - T E S T )  3,4, 4  
3  P A M A X = T E S T  
4  C O N T I N U E  
W R I T E  ( 2 , 5 0 )  P A M A X  
5 0  F O R M A T  (  I H O , / / , 2 I H M A X  I N C O M E  P E R  A C R E  = , F 5 . 2 )  
E N D  
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APPENDIX B 
Cost of Ownership 
Cost of ownership, Table 27, was calculated for each 
machine used in the 10 machine systems. Sources for these 
computations were Barger et al. (2), Bainer et al. (1), and 
the ASAE Yearbook (l6). An expected life of 10 years and 
an interest rate of six percent were assumed for all ma­
chines. 
Information from Barger et al. (2, pages 4^ 3-359) was 
used to determine both fixed and operating costs for trac­
tors and fixed costs for other machines. Operating costs 
for machines other than tractors were computed using fac­
tors for repair, maintenance, and lubrication given by 
Bainer _et al. f 1,. page 36). 
Annual cost of ownership for each of the 10 machine 
systems is listed in Table 28 as percent of total crop 
value, or percent of gross income. A yield of 100 bushels 
per acre and unit crop value of #1 per bushel were assumed. 
The underlined entries indicate the approximate acreage for 
maximum income. Annual machine ownership expense for acre­
ages yielding maximum income varied from 10,3 to 13.0 per­
cent of gross income. 





Fixed costs ($) Operating costs (#) Total cost 
(#) Depr. Int 0 Tax Ins, Housing Total Fuel Lubo Repairs Total 
Tractor 
55 hp 5,000 450 165 30 15 100 750 247 50 175 462 1,212 




5-14 970 87 32 6 3 19 147 72 219 
6-14 1,200 108 4o 8 4 26 186 89 275 
Disk 
17.5 ft 1,530 138 50 9 5 31 233 53 286 
20.5 ft 1,610 145 53 5 2 32 242 56 298 
Rotary hoe 
4-row 550 50 18 3 2 11 84 16 100 
6-row 925 83 31 6 3 18 l4l 28 169 
8-row 1,250 113 4l 7 4 25 190 38 228 
Planter 
2-row 550 50 18 3 2 11 84 14 98 
4-row 1,150 104 38 7 3 23 175 29 204 
6-row 2,122 191 70 13 6 42 323 53 376 
8-row 2,640 238 87 16 8 53 401 66 467 
Cultivator 
2-row 46o 41 15 3 1 9 70 17 87 
4-row 869 78 29 5 3 16 131 33 164 
6-row 1,055 95 35 6 3 21 160 40 200 
8-row 1,890 167 61 11 6 37 281 70 351 




cost Fixed costs (#) Operating costs cost 
(#) Depr o Int 0 Tax Ins. Housing Total Fuel Lub. Repairs Total ($) 
Picker 
Ear 2,615 235 86 16 8 52 397 105 502 
Shell 3,565 321 116 21 11 71 54o 143 682 
Combine 
2-row 8,400 756 277 50 25 168 1,277 294 1,571 
3-row 10,l60 914 335 6i 30 203 1,544 356 1,900 
U-row 12,600 1 ,134 4l6 76 38 252 1,915 441 2,356 
Elevator 540 49 18 3 2 11 82 19 101 
Wagon 540 49 18 3 2 11 82 5 87 
Truck 
3/4 ton 2,000 180 66 12 6 4o 304 100 4o4 
2 ton 4,500 405 149 27 13 90 584 225 809 
Dryer 6,550 590 186 39 20 131 966 328 1,292 
Table 28. Annual cost of ownership for each machine system expressed as percent 
of total crop value 
Acres 
Machine system 
1 2 3 4 5 6 7 8 9 10 
100 31.8  33 .7  51 .7  63 .8  66.4 82.8  90 .4  104 .1  149 .3  172 .8  
200 15.9  16 .8  25 .9  31 .9  33 .2  41.4 45.2  52 .0  75.6 86.4 
300 10,6  11 .2  17 .2  21 .3  22 .1  27 .6  30 .1  34 .7  49 .7  57.6 
4oo 8.0  8 .4  12 .9  15 .9  l6«6 20.7  22 .6  26 .0  37 .3  43 .2  
500 6.4  6 .7  10 .3  12 .8  13 .3  l6«6 18.1  20 .8  29 .8  34 .5  
600 5.3  5 .6  8 .6  10 .6  11.1 13.8  15 .1  17 .3  24 .8  28.8 
700 4.5  4 .8  7 .4  9 .1  9 .5  11 .8  12 .9  14 .8  21 .3  24 .6  
800 4,0  4 .2  6 .5  8 .0  8 .3  10 .3  ii^  13.0  18 .6  21 .6  




 11.5  16 .5  19 .2  
1,000 3.2  3 .4  5 .2  6 .4  6.6 8.3  9 .0  10 .4  14 .9  17 .3  
1 ,100  2 .9  3 .1  5 .7  5 .8  6 .0  7 .5  8 .2  9 .5  13 .6  15 .7  
1,200 2.7  2 .8  4 .3  5 .3  5 .5  6 .9  7 .5  8 .7  12 .4  14.4 
1,300  2 .5  2 .6  4 .0  4 .9  5 .1  6.4 7.0  8 .0  11 .5  13„.a 
1 ,400  2 .3  2 .4  3 .7  4.6 4.7  5 .9  6 .5  7 .4  10 .7  12 .3  




The probabilities listed in Table 29 and Table 30 were 
computed using the mathematical model which was previously 
described. The calculation was divided into two parts: 
1) plow-plant-harvest and 2) cultivate-cultivate. First, 
spring plowing, planting, and harvesting were examined, and 
arrival and completion cumulative probabilities were deter­
mined. Planting could not arrive until plowing was com­
pleted, and harvesting was related to planting by using 
Equation 4 to get the date of silking and adding 7^  days, 
according to Figure 2, to determine arrival of harvest. 
Arrival of first cultivation was determined using 
Equation 5. Second cultivation was directly dependent upon 
first cultivation. However, second cultivation, no matter 
how late, could not affect harvest. 
The tolerance constant, S, which limited accuracy of 
holding probability and, in turn, completion probability, 
was assigned the value 0.01. Some limit was required since 
the holding probability approached unity asymptotically. 
Because of this limit, only two significant digits of the 
completion probability could be used with confidence. 
Since second cultivation did not affect any other job, 
completion probabilities for the first and second sequences 
112 
were calculated at the same time. Second cultivation should 
be ignored for consideration of the second sequence. 
The underlined values in second cultivation and fall 
plowing completion probability columns correspond, respec­
tively, to the maximum allowable acreages for the first and 
second sequences. 
Completion probabilities for the third sequence are 
listed in Table 30. The computer program was revised to 
omit computations for both fall plowing and second cultiva­
tion. The limiting job was harvest; the underlined values 
correspond to the maximum allowable acreage. The additional 
plowing required in the spring delayed completion of plowing 
and the arrival of planting which, in turn, delayed arrival 
of first cultivation and harvest. Indirectly, plowing was 
the limiting job. 
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Table 29. Probabilities of completion for first and second 
sequences 
Machine J ob 
4 
Acres Plow Plant Cult(l) Cult(2) Harvest Plow 
100 
.999 .994 .988 .952 .996 .991 
200 
.999 .999 .999 0 .999 .967 
225 .999 .999 .997 0 .990 .729. 
250 .995 .995 .990 0 .994 .521 
275 .997 .997 .986 0 .981 .214 
300 .999 .999 .972 0 .895 .027 
325 .998 .997 .926 0 .786 .006 
350 .996 .996 .693 0 .428 0 
100 
.999 .999 .999 .998 .996 .991 
200 
.999 .999 .992 »9$6 .999 .967 
225 .998 .997 .991 .854 .990 .729 
250 .996 .990 .986 .745 .994 .521 
275 .997 .997 .994 .699 .981 .214 
300 .999 .999 .999 .341 .895 .027 
325 .998 .998 .996 .283 .786 0OO6 
350 .996 .996 .990 .281 .427 0 
375 .997 .996 .989 0 .100 0 
400 
.999 .998 .997 0 .004 0 
100 
.994 .994 .988 .987 .994 .949 
200 
.997 .996 .988 .9?2 .997 .997 
300 .996 .996 .992 .339 .996 .989 
400 
.996 .995 .990 0 .994 
425 .997 .992 .989 0 .996 .515 
450 
.999 .994 .994 0 .991 .144 
475 .998 .998 .996 0 .950 .022 
500 .998 .998 .996 0 .916 .003 
525 .996 .996 .990 0 .737 0 
100 
.999 .999 .999 .999 .999 .999 
200 
.997 .996 .988 .952 .997 .997 
300 .996 .996 .991 .339 .996 .994 
400 
.999 .999 .999 .272 .999 .999 
425 .997 .992 .990 0 .990 .920 
450 .999 .994 .994 0 .998 .698 
475 .998 .998 .996 0 .992 .512 
500 .998 .998 ,996 0 .995 .290 
525 .996 .996 .990 0 .972 = 056 
550 .993 .992 .978 0 .923 .017 
575 .999 .998 .991 0 .755 0 
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Table 29 (Continued) 
Machine Job 
system Acres Plow Plant Cult(l) Cult(2) Harvest Plow 
100 
.999 .999 .999 .999 .999 .999 
200 
.997 .997 .989 ,952 .997 .997 
300 .996 .996 .992 .339 .996 .994 
400 
.999 .999 .999 0 .999 .999 
425 .997 .992 .989 0 .999 .920 
450 .999 .994 .993 0 .999 .698 
475 .998 .993 .991 0 .992 .512 
500 .998 .993 .991 0 .996 .290 
525 .993 .993 .984 0 .953 .050 
550 .993 .993 .979 0 .923 .017 
575 .999 .999 .992 0 .755 0 
100-200 
.997 .997 .995 .994 .997 .997 
300 .996 .995 .985 ,94% .996 .995 
400 
.999 .999 .999 .883 .999 .999 
500 .999 .998 .996 .288 .998 .941 
525 .996 .996 .991 .291 .996 .825 
550 .993 .992 .981 0 .987 .579 
575 .999 .998 .994 0 .999 .299 
6oo .998 .994 .989 0 .997 .153 
625 .997 .993 .985 0 .992 .036 
650 .995 .991 .986 0 .978 .015 
675 .999 .999 .999 0 .903 .002 
700 .999 .999 .998 0 .802 0 
800 
.992 .991 .970 0 .163 0 
100-400 
.999 .999 .999 *999 .999 .999 
500 .998 .993 .992 .753 .998 .988 
600 .998 .998 .998 .382 .998 
625 .997 .997 .994 .339 .997 
650 .995 .995 .990 .351 .995 .298 
675 .999 .999 .998 .363 .998 .116 
700 .999 .998 .997 .367 .994 .038 
725 .998 .997 .994 0 .995 .015 
750 .998 .997 .994 0 .991 .005 
775 .995 .991 .985 0 .971 .001 
800 .992 .988 .976 0 .924 0 
900 .999 .999 .999 0 .336 0 
100-300 .996 .996 .993 .992 .992 .992 
400 .999 .999 .992 ,9$6 .999 .999 
500 .996 .990 .986 .7^ 5 .996 .994 
8 
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Table 29 (Continued) 
Machine Job 
Acres Plow Plant Cult(l) Cult(2) Harvest Plow 
600 
.999 .999 .998 .341 .999 .997 
700 .999 .999 .999 .332 .999 .999 
725 .997 .997 .990 0 .990 .920 
750 .997 .996 .989 0 .997 .785 
775 .999 .998 .993 0 .998 
800 .999 ,998 .997 0 .997 
825 .998 .994 .992 0 .992 .378 
850 .998 ,993 .992 0 .995 .290 
875 .996 .991 .987 0 .984 .112 
900 .993 .988 .982 0 .953 .050 
925 .993 .993 .986 0 .923 .017 
950 .999 .999 .998 0 .890 .008 
975 .999 ,999 .998 0 .829 .001 
1,000 .998 ,998 .997 0 .669 0 
100-500 .999 ,999 .998 .996 .999 .999 
600 .996 .995 .985 .949 .991 .990 
700 .999 .994 .987 .951 .999 .999 
800 
.999 .999 .999 .883 .999 .999 
825 .996 .996 .991 .697 .996 .989 
850 .997 .997 .995 .700 .997 .984 
875 .997 .997 .995 .700 .997 .984 
900 .999 .999 .998 .344 .998 .952 
925 .999 .999 .998 .344 .997 .912 
950 .998 .998 .996 ,288 .996 .899 
975 .998 .998 .996 .288 .992 ,.73.0 
1,000 .998 .998 .996 .288 .998 
1,025 .996 .996 .991 .291 .996 .608 
1,050 .996 .996 0 991 .291 .995 .361 
1,075 .993 .992 .981 0 .990 .252 
1,100 
.993 .992 .981 0 .990 .252 
1,125 .999 .998 .994 0 .989 .173 
1,150 .999 .998 .994 0 .984 .071 
1,175 .998 .997 .993 0 .977 .056 
1,200 .998 .994 .989 0 .952 .036 
1,225 .998 .994 .989 0 .910 .008 
1,250 .997 .993 .985 0 .882 .006 
1,275 .997 .993 .985 0 .801 .002 
1,300 
.995 .991 .986 0 .634 0 
100-800 
.999 .999 .999 .999 .999 .999 
900 .999 .994 .987 .998 .993 
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Table 29 (Continued.) 
Machine J ob 
Acres Plow Plant Cult(l) Cult(2) Harvest Plow 
1,000 
1,075 
.998 .993 .992 .753 .998 .941 
.993 .993 .986 .759 .991 .694 
1,100 
1,125 
.993 .993 .986 .709 .991 .694 
.999 .999 .999 .730 .994 .520 
1,150 .999 .999 .999 .730 .995 .430 
1,200 
1,225 
.998 .998 .997 .382 .998 .248 
.998 .998 .997 .382 .997 .098 
1,250 .997 .997 .994 .339 .992 .036 
1,275 .997 .997 .994 .339 .992 ,036 
1,300 
1,325 
.995 .995 .990 .351 .978 .015 
.995 .995 .990 .351 .978 .006 
1,350 .999 .999 .998 .363 .949 .002 
1,375 .999 .999 .998 .363 .903 .002 
1,400 
.999 .998 .997 .367 .883 0 
1,425 .999 .998 .996 0 .802 0 
1,450 .999 .998 .996 0 .802 0 
1,475 .998 .997 .993 0 .651 0 
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Table 30. Probabilities of completion for the third se­
quence 
Machine system Acres Job 
Plow Plant Cult(l) Harvest 
100 
.996 .991 .981 .993 
200 .998 .998 .997 .998 
225 .997 .997 .994 ,988 
250 .998 ,997 .995 .980 
275 .993 .993 .979 .842 
300 .999 .999 .978 0613 
325 .997 .996 .949 .304 
350 .999 .999 .800 .063 
375 .998 .997 .622 .004 
4oo 
.995 .994 .397 0 
500 .967 .716 0 0 
600 .419 .010 0 0 
100 .996 .996 .993 .993 
200 .998 .998 .990 .998 
225 .997 .996 .988 ,997 
250 .998 .993 .992 o98l 
275 .993 .993 .986 .842 
300 .999 .999 .999 .613 
325 .997 .997 .994 ,304 
350 .999 .999 .998 .063 
375 .998 .997 .994 .004 
400 
.995 .994 .985 0 
500 .967 .967 .919 0 
6oo .419 .417 .112 0 
100 
.999 .999 .998 .999 
200 .997 .996 .988 .997 
300 .998 .998 .997 .998 
400 
.995 .994 .984 .988 
425 .999 .995 .989 .934 
450 .998 .994 .992 .769 
475 .995 .995 .988 .468 
500 .999 .999 .992 .248 
525 .998 .998 .968 .053 
550 .992 .991 .859 .002 
575 .983 .982 .826 .002 
600 .940 .935 .560 0 
700 .419 .419 0 0 
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Table 30 (Continued) 
Machine system Acres Job 
Plow Plant Cult(l) Harvest 
100 .999 .999 .998 .997 
200 
.997 .996 .988 .997 
300 .998 .998 .997 .998 
400 
.995 .994 .984 .991 
425 .999 .995 .989 
.860 ^50 .998 .994 .992 
475 .995 .995 .988 .920 
500 .999 .999 .992 .763 
525 .998 .998 .968 .500 
550 .992 .991 .859 .235 
575 .983 .982 .826 .076 
6oo .940 .935 .560 .007 
700 .420 .420 0 0 
100 
.999 .996 .996 .997 
200 
.997 .997 .989 .997 
300 .998 .998 .997 .998 
400 
.995 .994 .984 .991 
425 .999 .996 .989 ,997 
450 .998 .994 .992 .983 
475 .995 .992 .984 .920 
500 .999 .996 .989 .762 
525 .998 .998 .968 .500 
550 .992 .992 .861 .235 
575 .983 .983 .829 .076 
600 .940 .940 .566 .007 
700 .420 .419 0 0 
100 
.999 .996 .993 .999 
200 
.997 .997 .994 .997 
300 .998 .997 .991 .998 
4oo 
.995 .995 .989 .995 
500 .999 .999 .998 .998 
525 .998 .998 .997 
550 .992 .991 .982 1:9# 
575 .983 .982 .965 .911 
600 .940 .934 .877 .777 
625 .836 .830 .694 .567 
650 .754 .749 .562 .376 
675 .653 .653 .424 .105 
700 .420 .420 .176 .025 
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Table 30 (Continued) 
Machine system Acres Job 
Plow Plant Cult(l) Harvest 
800 .019 .019 0 0 
900 0 0 0 0 
100 
.999 .996 .993 .999 
200 
.997 .997 .995 .997 
300 .998 .998 .997 .994 
400 
.995 .994 .986 .995 
500 .999 .996 .990 .999 
600 .940 .940 0880 .940 
625 .897 .897 .805 .897 
650 .75^  .754 .568 .752 
675 .653 .652 .426 .649 
700 .420 .419 .176 .413 
725 .307 .306 .094 ,294 
750 .132 .132 .017 .119 
775 .076 .076 .006 .062 800 .019 .019 0 .013 
900 0 0 0 0 
100 .994 .991 .983 .994 
200 .996 .996 .993 .996 
300 .996 .996 .992 .992 
400 
.998 .998 .990 .998 
500 .998 .993 .992 .998 6oo 
.999 .999 .999 .999 
700 .999 ,999 .998 .995 
725 .999 .999 .997 .997 
750 .998 .997 .994 
775 .995 .994 .988 .971 800 
.995 .994 .985 .951 
825 .992 .988 .976 .881 
850 .999 .995 .991 .763 
875 .998 .994 .990 .591 
900 .996 .991 .985 .402 
925 .992 .992 .981 .235 
950 .983 .983 .952 .161 
975 .967 .967 .920 .071 
1,000 
.967 .967 .920 .046 
1,100 .754 .753 .475 0 
100 .998 .998 .996 .995 
200 .999 .996 .993 .998 
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Table 30 (Continued) 
Machine system Acres Job 
Plow Plant Cult(l) Harvest 
300 .999 .999 .999 .999 
400 
.999 .999 .999 .998 
500 .996 .996 .990 .996 
6oo .998 .998 .991 .994 
700 .999 .995 .989 .999 
800 
.995 .995 .989 .989 
825 .999 .999 .999 .999 
850 .999 .999 .999 .999 
875 .999 .999 .998 ,998 
900 .998 .998 .995 .996 
925 .995 .995 .990 .989 
950 .995 .995 .990 
975 .992 .992 .984 .984 
1,000 
.999 .999 .998 .971 
1,025 .998 .998 .997 .959 
1,050 .998 .998 .997 .919 
1,075 .996 .995 .991 .815 
1,100 .992 .991 .982 .772 
1,125 .983 .982 .965 .592 
1,150 .983 .982 .965 .446 
1,175 .967 .966 .933 .386 
1,200 .940 .934 .877 .203 
1,225 .897 .892 .800 .081 
1,250 .897 .892 .800 .081 
1,275 .836 .830 .694 .023 
1,300 .754 .749 .562 .005 
1,400 .420 .420 .176 0 
100 .998 .998 .996 .995 
200 .999 .996 .993 .999 
300 .999 .997 .994 .997 
400 
.997 .997 .995 .997 
500 .996 .996 .991 .991 
600 .998 .998 .997 .998 
700 ,999 .998 .997 .995 
800 
.995 .994 .986 .995 
900 .998 .994 .990 .996 
1,000 .999 .996 .990 .998 
1,075 .998 .998 .992 .989 
1,100 .992 .992 .983 .979 
1,125 .983 .983 .965 .951 
1,150 .983 .983 .965 .951 
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Table 30 (Continued) 
Machine system Acres Job 
Plow Plant Cult(l) Harvest 
1,175 .967 .967 .933 .888 
1 , 2 0 0  
1,225 
.940 .940 0 8 8 0  .858 
.897 .897 .802 .736 
1,250 .897 .897 .805 .615 
1,275 .836 .836 .699 .567 
1 , 3 0 0  .754 .754 .568 .376 
1,325 .754 .754 .568 .376 
1,350 .653 .652 .462 .204 
1,375 .538 .537 .289 0 O 8 6  
1,400 .420 .419 .176 .067 
1,425 .420 .419 .176 .025 
1,450 .307 .306 .094 .019 
1,475 .209 .209 .044 .003 
1,500 .132 0I32 .017 .002 
